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ABSTRACT OF THESIS 
 
 
 
 
EFFECTS OF A RESTORED ELK POPULATION ON SOILS, VEGETATION, AND 
WATER QUALITY IN EASTERN KENTUCKY 
 
 A restored elk (Cervus elaphus) population in eastern Kentucky may be affecting 
ecosystem processes in a landscape composed of reclaimed grassland expanses and 
isolated forest remnants. Elk routinely select forested ridge-tops as resting and ruminating 
sites. These locations are characterized by sparse or absent leaf litter, trampled and 
diminished vegetation, large deposits of dung, and urine-saturated soils. In fall 2003, a 
series of fenced ungulate exclosures were constructed; 8 on highly disturbed forested 
ridge-tops and 8 on reclaimed grasslands. Soil analyses measured % moisture, pH, total 
nitrogen, total carbon, ammonium, nitrate, phosphorus, and major extractable cations in 
0-10 cm and 10-20 cm cores. Litter depths and percentages of bare ground, vegetative 
cover, litter cover, and woody debris were measured. Sediment and water samples were 
collected monthly from sediment traps on reference and experimental ridge-tops. 
Student’s t-tests were used to determine significance (p ≤ 0.10) between treatments. 
Disturbed ridge-tops had higher soil ammonium (0.68 mg/kg, 10-20 cm) than reference 
sites (0.25 mg/kg) in spring 2004 and lower ammonium (0.72 mg/kg, 0-10 cm; 0.44 
mg/kg, 10-20 cm) than reference sites (1.80 mg/kg, 0-10 cm; 0.94 mg/kg, 10-20 cm) in 
summer 2004. Total carbon was higher inside (67.57 g/kg, 0-10 cm) than outside (45.38 
g/kg) of ridge-top exclosures in fall 2004. Soil moisture, litter depths, and vegetative 
cover were generally lower, while % bare ground was higher on disturbed ridge-tops. 
Sediment collected from traps averaged 2.21g/m2 inside exclosures, 2.86 g/m2 outside 
exclosures, and 0.39 g/m2 on reference ridge-tops. These data suggest that this 
reintroduced species is changing several attributes of the Cumberland Plateau landscape. 
The lack of a predator such as the gray wolf (Canis lupis) or cougar (Puma concolor) 
likely contributes to the development of habitual elk use of landscape features such as 
remnant ridge-top forests. Such concentrated use may create conditions for the 
colonization of certain plant species including rare natives and invasive exotics. 
Continued monitoring of high use areas is recommended so that managers can fully 
understand the long-term impact of the return of this large, gregarious herbivore, and that 
appropriate management actions can be developed to promote native biodiversity. 
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CHAPTER 1: INTRODUCTION 
An important aspect of wildlife ecology is understanding how organisms interact 
with their environment.  Traditionally, a species-oriented approach to gaining this 
understanding has focused on trophic relations among species, such as predator/prey 
interactions, foraging behavior, and resource competition (Hobbs 1996, Kuiters et al. 
1996).  A less common approach focuses on organisms as potential regulators of 
ecosystem processes such as nutrient cycling, primary production, and succession (Frank 
1998). 
It is well documented that large mammalian herbivores alter the structure and 
composition of whole ecological communities (Frank and McNaughton 1992, 
McNaughton 1993, Hobbs 1996, Rooney and Waller 2003).  They impart both direct and 
indirect influences on their environment through herbivory (Frank 1998, Frank and 
McNaughton 1993, Moser and Witmer 2000, Zeigenfuss et al. 2002, Schoenecker et al. 
2004), vegetation trampling (Frank and McNaughton 1993, Rooney and Waller 2003), 
bark stripping (White et al. 2003), seed dispersal (Danell et al. 2003), soil compaction, 
soil erosion (Packer 1963), energy and nutrient transfer (Detling 1988, Frank and 
McNaughton 1992; 1993, Augustine and McNaughton 1998, Frank and Groffman 1998a; 
1998b, Ritchie et al. 1998, Augustine and Frank 2001, Schoenecker et al. 2004), changes 
in plant species composition (Augustine and McNaughton 1998, Knops et al. 2000), and 
altered plant productivity (McNaughton 1979; 19831; 1984, Frank et al. 2002, Danell et 
al. 2003, Homolka and Heroldova 2003). 
Ungulates contribute to complex interactions that drive nutrient cycling, so it is 
difficult to attribute changes in nutrient concentrations and fluxes solely to ungulates 
(Frank et al. 1994).  Nonetheless, grazing, excrement deposition, and simply moving 
about the landscape have the potential to alter nutrient flow and transfer.  Herding species 
such as elk (Cervus elaphus) may cause more obvious shifts in nutrient concentrations 
than non-herding ungulates because the former concentrate their activities in space and 
time (McNaughton 1979; 1983b, Coughenour 1991, Frank and McNaughton 1992, 
Bailey et al. 1996, Hobbs 1996).  There is particular interest in understanding the factors 
that regulate the availability of N because this nutrient can constrain primary production 
in most ecosystems (Frank and Groffman 1998b, Verchot et al. 2002, Schoenecker et al. 
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2004).  Elk may significantly alter N cycling through non-random deposition of urine and 
dung that contain NH4+ and NO3-, which are readily available for uptake by plants and 
soil microbes (Day and Detling 1990, Coughenour 1991, Frank and Groffman 1998b, 
Augustine and Frank 2001).  Conversely, N may be lost to the atmosphere through the 
volatilization of urea-N in ungulate excretions, although Frank and Zhang (1997) 
concluded that amounts of N lost in this manner are likely negligible and depend on a 
number of factors such as temperature and precipitation. 
Investigations in relatively undisturbed ecosystems of Yellowstone National Park 
and Rocky Mountain National Park in North America and the Serengeti National Park in 
East Africa have examined ungulate-ecosystem relations in expansive landscapes that 
support large, and sometimes dense, herds of migrating herbivores (Coughenour 1991, 
Frank and McNaughton 1992, Frank et al. 1994, Verchot et al. 2002).  Forage selectivity 
and landscape use by ungulates is important in predicting the effect of grazing on the 
functional processes of grasslands (McNaughton 1979; 1983a; 1984, Frank and 
McNaughton 1992; 1993, Frank and Groffman 1998b, Frank et al. 1998, Verchot et al. 
2002).  Ungulate choices of foraging and ruminating areas can have a shaping influence 
on the distribution, structure, and composition of plant and animal communities, and has 
the potential to affect nutrient turnover by modifying the quality and quantity of plant 
litter available for decomposition (McNaughton 1984, Frank and McNaughton 1992, 
Pastor and Naiman 1992, Frank and McNaughton 1993, Hobbs 1996, Augustine and 
McNaughton 1998, Ritchie et al. 1998, Singer and Schoenecker 2003). 
Ungulate-forest interactions, particularly the effects of moose (Alces alces) on 
plant dynamics, have been examined in the boreal forests in Canada and the northern 
United States (McInnes et al. 1992, Pastor et al. 1993, Pastor et al. 1988).  The effects of 
ungulate browsing may be particularly evident in these conifer-dominated forests, where 
nutrients tend to be scarce (Pastor and Naiman 1992).  For example, moose in the boreal 
forest contribute to a negative feedback on nutrient cycles by selectively browsing on 
early successional nutrient-rich species such as aspen (Populus tremuloides) and birch 
(Betula papyrifera), causing a shift in community structure to unfavored species such as 
spruce (Picea sp.) and fir (Abies sp.) (Pastor et al. 1993).  Even among conifers, moose 
may disrupt the balance between white spruce (Picea glauca) and balsam fir (Abies 
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balsamea) (McInnes et al. 1992).  As a result, ungulate-induced soil dynamics can alter 
the trajectory of plant succession (Pastor et al. 1993, McInnes et al. 1992, Pastor et al. 
1988). 
Extensive research has been conducted on the effects of high densities of white-
tailed deer (Odocoileus virginianus) on the reproductive success of eastern North 
American forests (Didier and Porter 2003, Rooney and Waller 2003, Harlow and 
Downing 1970).  Selective browsing on sensitive forest understory shrubs and tree 
seedlings hinders their regeneration (McGraw and Furedi 2005, Augustine and Frelich 
1998, Augustine et al. 1998, Anderson 1994).  These and related studies have formed the 
foundation for understanding the relations between large herbivores and their landscapes. 
While the effects of native ungulates on ecosystem processes in parts of North 
America and Africa have been well documented, there has not been an effort to quantify 
the effects of a restored elk population in the East where it has been largely missing for 
over 150 years.  The eastern sub-species of elk (C. e. canadensis) was exterminated from 
its eastern North American range in the late 1800s as a result of over-harvest, agriculture, 
and urbanization (RMEF 2003).  The last known individual was shot in Pennsylvania in 
1867 (O’Gara 2002).  Since that time, the eastern Kentucky landscape has undergone 
changes that have enabled the reintroduction of elk.  Strip mining for coal and subsequent 
reclamation have created a mix of large grasslands and small forest remnants that 
resembles elk habitat in the western United States.  Beginning in 1997, Rocky Mountain 
elk (C. e. nelsoni) were translocated from western states to eastern Kentucky (Maehr et 
al. 1999, Larkin et al. 2001).  Since then, movement patterns, activity, demographics, calf 
survival, and community interactions have been documented (Olsson 2000, Secrist 2000, 
Larkin 2001, Wichrowski 2001, Larkin et al. 2002a, Larkin et al. 2002b, Cox 2003, 
Larkin et al. 2003, Seward 2003).  However, the relations between elk and other 
components and processes of the eastern Kentucky landscape have not been documented.   
Prior to this study, anecdotal observations indicated elk were altering the 
landscape in the elk release zone in eastern Kentucky (Maehr pers. comm.).  For 
example, elk routinely select forested ridge-tops as resting and ruminating sites.  These 
sites are characterized by sparse or absent leaf litter, trampled and diminished vegetation, 
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large deposits of dung, and urine-saturated soils (Fig. 1).  Elk trails to and from these 
areas are often >1 m wide and soil erosion is apparent in and around ruminating sites.  
Figure 1. Forested ridge-top site used by elk in eastern Kentucky (photo courtesy David 
Maehr). 
 
A common experimental approach to assess ungulate effects on ecological 
processes has been to measure levels of nutrients, litter, and plant biomass inside a
outside of fenced exclosures, such as those that have been in place for decades in 
nd 
Yellow
) 
), and 
 effects, 
eather variation and landscape topography strongly influence soil properties such as soil 
ntent, and N levels at these sites (Frank and Groffman 1998b, 
Frank e
stone and Rocky Mountain National Parks (Augustine and Frank 2001, 
Coughenour 1991, Frank and Groffman 1998b, Verchot et al. 2002).  Diminished leaf 
litter and standing dead material in grazed areas outside exclosures elevate soil 
temperatures and increase evaporation of soil moisture (Coughenour 1991).  Nitrogen (N
concentrations are elevated in plant tissues and organic material (Coughenour 1991
N mineralization rates are higher (Frank and Groffman 1998b) outside exclosures, 
suggesting that grazing accelerates nutrient cycling.  In addition to ungulate
w
temperature, moisture co
t al. 1994, Verchot et al. 2002).  How introduced elk serve as an ecosystem driver 
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in a landscape that was formerly dominated by closed canopy deciduous forest is 
speculative, but they are likely to create changes that are unprecedented in mode
It will take decades to fully assess long-term elk-induced changes to the easter
Kentucky landscape.  This research is the initial step in quantifying the phenomen
such, the objectives of this study were: (1) to document current soil nutrient levels, 
vegetation abundance, water quality, and soil erosion in the forest-reclaimed grassland 
ecosystem, (2) to measure local impacts of elk on ecosystem processes, and (3) to 
establish a system of ungulate exclosures that will enable long-term research into the 
rn times.     
n 
on.  As 
impact
nd Plateau in eastern Kentucky.  Elevation ranges from 
244 to row 
s 
), and 
 
id continental with temperatures 
varying
 
 
s were 
 Forest, of which 
approx
s of the eastern Kentucky elk herd in the post-settlement landscape. 
 
CHAPTER 2: SITE DESCRIPTION 
The study area includes the University of Kentucky’s Robinson Forest, located in 
the central region of the Cumberla
488 m above sea level, with rugged mountainous topography, steep slopes, nar
valleys, and pointed ridge-tops (Overstreet 1984).  Coal mining operations and 
subsequent reclamation of approximately 8% of the eastern Kentucky landscape ha
created a mix of forest remnants and grassland expanses (Phillips 1997).  Human 
population density in the region is low, with 30-60 people per km2 (Watkins 1998
only 1% of the land is utilized for agriculture (Phillips 1997).  Approximately 1500 elk 
were reintroduced to portions of the study area beginning in 1997 and population 
numbers ranged from 3000 to 4000 animals during the treatment period (KDFWR 2004). 
The climate is characterized as temperate hum
 considerably within a year (Hill 2005).  Mean annual precipitation is 
approximately 125 cm, with most rainfall during May through July (Hill 2005).  The 
mean annual temperature is 13°C, with an average summer high of 28°C and an average
winter low of -2°C (Hill 2005).   
Study sites were located in the Addington Wildlife Management Area, which
covers portions of Breathitt, Perry, and Knott counties (Fig. 2).  Experimental site
located primarily in the 1100 ha Laurel Fork portion of Robinson
imately 70% was strip-mined for coal beginning in 1992.  In addition, privately 
owned forest patches in the adjacent Long Fork area were included.  The mixed 
5 
mesophytic forest fragments are in various stages of second growth.  Reference sites w
located in the Clemons Fork portion of Robinson Forest and were contained in a 
relatively large (approximately 4150 ha) contiguous expanse of mixed mesophytic forest 
comprised of 80+ year old second growth (Fig. 3).   
Ridge-top soils are of the Dekalb, Gilpin, Latham, Marrowbone, and Rayne Serie
(Barton 2004).  They are moderately deep and well-drained, and developed in materi
weathered from sandstone, siltstone, shale, and coal of the Breathitt Formation (USDA 
1965).  Soils on reclaimed grasslands are of the Bethesda, Fairpoint, Fivebloc
Kaymine Series, and were formed in regolith from surface
ere 
s 
al 
k, and 
 mine operations (Barton 
2004). 
Carya 
is).  
s 
d (Tilia americana), magnolias 
(Magnolia spp.), black gum (Nyssa sylvatica), and paw paw (Asimina triloba).  
Understories frequently consist of greenbrier (Smilax rotundifolia), sassafras (Sassafras 
albidum), pawpaw, maple and oak seedlings, poison ivy (Toxicodendron radicans), 
Virginia creeper (Parthenocissus quinquefolia), wintergreen (Gaultheria procumbens), 
highbush blueberry (Vaccinium corymbosum), flame azalea (Rhododendron 
calendulaceum), and mountain laurel (Kalmia latifolia).   
Reclaimed grasslands contain a variety of scattered woody vegetation, forbs, and 
exotic and native grasses including Kentucky-31 tall fescue (Festuca arundinacea), 
orchardgrass (Dactylis glomerata), broomsedge (Andropogon virginicus), timothy 
(Phleum pratense), sericea lespedeza (Lespedeza cuneata), birdsfoot trefoil (Lotus 
corniculatus), red clover (Trifolium pratense), white sweet clover (Melilotus alba), 
alfalfa (Medicago sativa), pokeweed (Phytolacca americana), black locust (Robinia 
pseudoacacia), and autumn olive (Elaeagnus umbellata). 
 Grassland soils are characterized by a shallow surface layer underlaid by 
sandstone, siltstone, shale, and fragments of coal (USDA 1965). 
Ridge-top forest canopies are dominated by oaks (Quercus spp.), hickories (
spp.), maples (Acer spp.), pines (Pinus spp.), and eastern hemlock (Tsuga canadens
Common midstory species include various oaks and maples, American beech (Fagu
grandifolia), downy serviceberry (Amelanchier arborea), sourwood (Oxydendrum 
arboreum), flowering dogwood (Cornus florida), basswoo
6 
Figure 2. The study area included the University of Kentucky's Robinson Forest, 
covering portions of Breathitt, Perry, and Knott counties in southeast Kentucky.  Over a 5 
year period beginning in 1997, approximately 1500 elk were released into portions of the 
highlighted 14-county zone. 
 
Figure 3. Study sites included 8 experimental grassland sites (red dots), 8 experimental 
ridge-tops (light green dots), and 8 reference ridge-tops (black dots).  Dark green areas 
represent forested portions of Robinson Forest and gray areas are reclaimed grasslands.   
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CHAPTER 3: METHODS 
The selection of study sites was based on the distribution of elk in eastern 
Kentucky.  I examined telemetry locations (Olsson 2000, Larkin 2001, Wichrowski 2001, 
Cox 20
f high-use 
of 
se 
 
lk-
closures were 
constructed; 8 on disturbed forested ridge-tops (Fig. 4) and 8 on grasslands (Fig. 5).  
From fall 2003 to fall 2004, soil characteristics, vegetation dynamics, water quality, and 
sediment movements were assessed quarterly inside and outside of elk exclosures to 
examine the impacts of concentrated elk use on experimental sites and their subsequent 
recovery following exclusion from elk herbivory, trampling, and excrement deposition.  I 
assumed that: (1) soil, vegetation, water quality, and erosion characteristics were similar 
among experimental sites prior to exclosure construction; and (2) differences in soil, 
vegetation, water quality, and erosion characteristics observed subsequent to exclosure 
construction were caused primarily by continued elk use outside exclosures and recovery 
from elk use inside exclosures.       
03, Larkin et al. 2003, Seward 2003) of radio-collared elk to identify areas of use 
and absence.  Site visits were conducted in July 2003 to confirm the locations o
elk ruminating sites and grazing sites in the forest-surface mine interface.   
Eight disturbed forested ridge-top ruminating sites (i.e., no leaf litter, eradicated 
understory, and evidence of soil erosion) and 8 grassland grazing sites with evidence 
elk activity were selected non-randomly as experimental sites.  Care was taken to 
maintain consistency in landscape characteristics (i.e., topography, elevation, vegetation, 
canopy cover) among sites and within treatments.  Eight undisturbed (i.e., absence of elk 
and nearby strip-mining) forested ridge-top sites were selected as reference sites.  The
were not adjacent to mined areas, had well developed forested overstories, and exhibited
no use by elk (as indicated by telemetry data and site visits) (See Appendix A for UTM 
locations of all sites). 
In September 2003, a series of fenced exclosures were constructed to provide e
free areas within the experimental study sites.  Sixteen 36 m2 ex
8 
Figure 4. One of 8 forested ridge-top exclosures built within the study area in eastern 
Kentucky in fall 2003.  Exclosures were approximately 36 m2. 
 
 
Figure 5. One of 8 grassland exclosures built within the study area in eastern Kentucky 
in fall 2003.  Exclosures were approximately 36 m2. 
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Soil Sampling 
Soil was collected in fall 2003, spring 2004, summer 2004, and fall 2004.  During 
ach collection period, 3 samples (each consisting of a 0-10 cm and 10-20 cm core) were 
ken from each reference and experimental (inside and outside of exclosures) site.  
r varied to some extent within each collection period, soil was collected 
ight 
 
 at 
higan, 
hs) 
jor 
ns (potassium (K), calcium (Ca), magnesium (Mg), and zinc (Zn)) 
divided into 100 equal squares) were randomly placed in each treatment.  For all ridge-
top sites, % bare ground, % vegetation cover, % litter, and % woody debris were ocularly 
estimated.  For all grassland sites, % bare ground and % vegetation cover (consisting of 
% grass and % forb composition) were ocularly estimated.  Litter depths and species 
composition (plant species present) were recorded at each site. 
 
 
e
ta
Although weathe
in as short a time frame as possible to avoid differences in soil characteristics that m
result solely from heavy precipitation or temperature changes.   
All soil samples were kept on ice in the field for no more than 10 hours, and then
transferred to a -70° C freezer until extraction with 1 mol/L KCl, as described in the 
Methods of Soil Analysis (Mulvaney 1996).  Concentrations of NH4+ and NO3- were 
determined for each sample with a Bran-Luebbe AutoAnalyzer (SPX Corporation, 
Delavan, Wisconsin, USA) (Mulvaney 1996).  A sub-sample of soil was oven-dried
105° C for 24 hours to determine soil moisture content (Blake and Hartage 1986).  
Samples were then air dried and passed through a standard Number 10 (2 mm pore size) 
sieve.  Thereafter, soil pH was measured in a 1:1 soil-deionized water suspension with a 
250A Orion pH meter and probe (NRCS 1996).  Percent total N and total C were 
measured with a LECO-CHN 2000 Analyzer (LECO Corporation, St. Joseph, Mic
USA) as outlined in the Methods of Soil Analysis (Nelson and Sommers 1996).  An 
additional set of soil samples (3 combined sub-samples from each site at both dept
were air-dried and sieved in fall 2003 and fall 2004 to measure phosphorus (P) and ma
extractable catio
(NRCS 1996). 
Vegetation Surveys 
Vegetation was sampled in spring and summer 2004.  Four 0.25 m2 grids (sub-
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Sediment Traps 
 Sediment traps (Fig. 6) were installed on two reference ridge-tops and two 
experimental ridge-tops (inside and outside exclosures) in early 2004.  Concentrations of 
NH4+ and NO3- were determined for each monthly water sample using the Bran-Luebbe 
AutoAnalyzer (SPX Corporation, Delavan, Wisconsin, USA) (APHA 1989).  Total 
organic C was measured using a Shimadzu Analyzer (Shimadzu Corporation, Japan) and 
pH was measured using the 250A Orion meter and probe (APHA 1989).  Each trap was 
drained after water sampling and the remaining sediment was collected, dried, and 
weighed.  All water and sediment data were standardized based on the drainage area of 
each sediment trap.  Drainage areas were characterized using topographic surveys of the 
landform areas.  Elevation maps with a 1 x 1 m resolution were created through the use of 
standard surveying procedures and level circuitry equipment.  Final topographic maps 
were generated using Surfer® 8 graphics software (Golden Software, Inc. 2004).  
Although this method of calculating drainage areas does not take into account local 
variability in drainage patterns, calculations were the best estimates that could be 
ascertained without directing water flow and potentially altering normal elk usage of 
ridge-top areas. 
Figure 6. Stainless steel sediment traps were fabricated by the University of Kentucky’s 
Physical Plant Division (left).  Photo on the right (courtesy Chris Barton) shows a 
sediment trap installed on an experimental ridge-top site (outside of the exclosure) in 
eastern Kentucky.   
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Statistical Analyses 
Percentage data were arcsine square root transformed to improve normality prior 
to analysis.  Sub-sample soil data were averaged prior to analysis to avoid pseudo-
replication.  Mean values with associated standard errors were calculated for each soil, 
vegetation, and water variable.  Paired Student’s t-tests were used to compare 
measurements taken inside and outside of exclosures on experimental ridge-tops and 
grasslands to quantify potential recovery from elk use inside exclosures within the one 
year treatment period.  Student’s t-tests were also used to compare reference ridge-tops 
with experimental ridge-tops (outside exclosures) to examine the impacts of elk on soils, 
vegetation, water quality, and erosion.  Differences between treatments were considered 
significant if p < 0.10. 
 
CHAPTER 4: RESULTS  
Soils 
There were no significant differences (p ≥ 0.10) in soil pH, % moisture, NH4+, 
NO3-, total N, or total C between grassland treatments in any season or soil depth (Tables 
1-4).  Grassland data were based on 7 experimental sites; one of the original sites was 
excluded from the study due to human disturbance (area outside exclosure was tilled with 
heavy machinery).  There were also no differences (p ≥ 0.10) in soil pH, NO3- levels, or 
total N among ridge-top treatments in any season, nor at either soil depth (Tables 1-4). 
Soils differed among reference and experimental ridge-top treatments with respect 
to soil moisture, NH4+ levels, and total C in some seasons and soil depths.  In spring 
2004, soil moisture within 0-10 cm cores was higher (p = 0.03) inside experimental 
ridge-top exclosures (45.4%) than outside exclosures (35.1%) (Table 3, Fig. 7).  In 
summer 2004, soil moisture within 0-10 cm cores was higher (p = 0.02) on reference 
ridge-tops (31.2%) than outside exclosures on experimental ridge-tops (19.5%) (Table 3, 
Fig. 7).  A similar pattern appeared in 10-20 cm cores in summer 2004, where soil 
moisture was higher (p = 0.10) on reference ridge-tops (24.7%) than on experimental 
ridge-tops (18.3%) (Table 4, Fig. 8).   
In summer 2004, NH4+ levels in 0-10 cm cores were higher (p = 0.01) on 
reference ridge-tops (1.80 mg/kg) than outside exclosures on experimental ridge-tops 
12 
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(0.72 mg/kg) (Table 3, Fig. 9).  In 10-20 cm cores, NH4+ was higher (p = 0.02) outside 
exclosures on experimental ridge-tops (0.68 mg/kg) than on reference ridge-tops (0.25 
mg/kg) (Table 4, Fig. 10) in spring 2004, however, in the summer, the trend was reversed 
and followed patterns exhibited in 0-10 cm cores, with reference ridge-tops having higher 
(p = 0.01) NH4+ levels (0.94 mg/kg) than experimental ridge-tops (0.44 mg/kg) (Table 4, 
Fig. 10).  In fall 2004, total C in 0-10 cm cores was higher (p = 0.10) inside experimental 
ridge-top exclosures (67.57 g/kg) than outside (45.38 g/kg) (Table 3, Fig. 11). 
 
Table 1. Mean values for soil variables within 0-10 cm cores are based on data from 8 experimental 
ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) sites (Appendix B, Tables B1-B4).  
Data are sorted by season, variable, and treatment (IN = inside exclosures; OUT = outside exclosures).   
Season Site Type Mean pH 
Mean % 
Moisture 
Mean NH4+ 
(mg/kg) 
Mean NO3-
(mg/kg) 
Mean Total N 
(g/kg) 
Mean Total C 
(g/kg) 
             
Fall 2003
 
             
            
       
       
            
             
            
       
       
            
             
            
       
       
            
             
            
       
       
IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
RT 4.6
 
4.6 26.8 22.6 2.64 2.76 0.46 0.40 2.66 2.01 75.73 52.41
REF
 
4.6
 
20.0
 
3.07
 
0.50
 
1.67
 
42.47
 GL
 
6.1 6.1 18.0 17.3 0.66 0.93 2.46 2.14 0.65 0.56 23.51 24.26
Spring 2004
 
IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
RT 4.4
 
4.3 45.4 35.1 1.38 2.00 0.07 0.46 2.20 1.98 69.20 57.00
REF
 
4.5
 
32.1
 
0.64
 
0.03
 
1.81
 
44.19
 GL
 
5.8 6.0 15.8 14.4 0.24 0.23 0.05 0.05 0.66 0.78 23.77 28.61
Summer 2004 IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
 RT 4.2
 
4.3 20.1 19.5 0.75 0.72 0.01 0.02 2.13 1.92 57.77 51.14
REF
 
4.3
 
31.2
 
1.80
 
0.01
 
1.96
 
43.19
 GL
 
5.9 5.9 12.0 11.1 0.43 0.37 0.06 0.04 1.04 1.19 24.55 26.09
Fall 2004 IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
 RT 4.2
 
4.3 41.8 34.8 1.28 0.96 0.04 0.04 2.38 1.78 67.57 45.38
REF
 
4.4
 
39.2
 
0.73
 
0.06
 
2.48
 
53.22
 GL 5.7 5.8 20.4 21.1 0.44 0.42 0.11 0.14 0.73 1.20 22.68 28.20
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Table 2. Mean values for soil variables within 10-20 cm cores are based on data from 8 experimental 
ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) sites (Appendix B, Tables B5-B8).  
Data are sorted by season, variable, and treatment (IN = inside exclosures; OUT = outside exclosures).   
Season Site Type Mean pH 
Mean % 
Moisture 
Mean NH4+ 
(mg/kg) 
Mean NO3-
(mg/kg) 
Mean Total N 
(g/kg) 
Mean Total C 
(g/kg) 
             
Fall 2003
 
             
            
       
       
            
             
            
       
       
            
             
            
       
       
            
             
            
       
       
IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
RT 4.8
 
4.8 17.2 16.5 1.80 2.39 0.78 0.78 0.80 0.66 26.78 19.86
REF
 
4.8
 
17.2
 
1.82
 
1.58
 
0.57
 
17.16
 GL
 
7.1 6.3 13.5 15.1 0.34 1.13 4.54 1.86 0.43 0.38 17.46 9.50
Spring 2004
 
IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
RT 4.6
 
4.6 32.1 27.6 0.60 0.68 0.09 0.14 0.96 0.75 33.52 22.96
REF
 
4.7
 
25.5
 
0.25
 
0.03
 
0.71
 
19.44
 GL
 
5.6 5.7 14.8 14.6 0.16 0.13 0.10 0.05 0.36 0.47 16.33 29.04
Summer 2004 IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
 RT 4.5
 
4.5 21.0 18.3 0.48 0.44 0.04 0.03 1.19 0.90 37.59 23.81
REF
 
4.5
 
24.7
 
0.94
 
0.05
 
0.86
 
17.67
 GL
 
5.8 6.0 13.4 12.5 0.25 0.30 0.16 0.11 0.46 0.49 22.27 27.82
Fall 2004 IN OUT
 
IN OUT IN OUT IN OUT IN OUT IN OUT
 RT 4.5
 
4.6 29.0 25.9 0.55 0.48 0.03 0.03 0.86 0.74 30.65 21.06
REF
 
4.6
 
29.6
 
0.45
 
0.07
 
1.06
 
23.84
 GL 5.8 6.0 16.5 16.4 0.24 0.25 0.08 0.08 0.50 0.53 20.23 33.59
 
 
 
  
Table 3. Student’s t-tests of soil variables inside (N=8) versus outside (N=8) of 
exclosures on experimental ridge-tops, experimental (outside exclosures) versus 
reference (N=8) ridge-tops, and inside (N=7) versus outside (N=7) of exclosures on 
experimental grasslands within 0-10 cm cores yielded p-values listed below.  P-values 
are sorted by season, variable, and treatment comparison, with significant differences (p 
≤ 0.10) indicated by bold type.  
Soil Variable t-Test Comparisons 
    
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside 
Exclosures) vs. 
Reference Ridge-tops 
Inside vs. Outside 
Exclosures on 
Experimental Grasslands 
    
Fall 2003 
pH p = 0.86 p = 0.72 P = 0.85 
% Moisture p = 0.37 p = 0.47 P = 0.71 
NH4+ p = 0.62 p = 0.65 P = 0.27 
NO3- p = 0.73 p = 0.77 P = 0.32 
Total N p = 0.35 p = 0.56 P = 0.42 
Total C p = 0.18 p = 0.25 P = 0.88 
    
Spring 2004 
pH p = 0.44 p = 0.38 P = 0.25 
% Moisture   p = 0.03* p = 0.42 P = 0.30 
NH4+ p = 0.49 p = 0.11 P = 0.89 
NO3- p = 0.36 p = 0.30 P = 0.88 
Total N p = 0.73 p = 0.68 P = 0.58 
Total C p = 0.48 p = 0.18 P = 0.52 
    
Summer 2004 
pH p = 0.40 p = 0.74 P = 1.00 
% Moisture p = 0.86     p = 0.02** P = 0.49 
NH4+ p = 0.86   p = 0.01† P = 0.52 
NO3- p = 0.37 p = 0.86 P = 0.35 
Total N p = 0.62 p = 0.89 P = 0.26 
Total C p = 0.58 p = 0.42 P = 0.80 
    
Fall 2004 
pH p = 0.37 p = 0.58 P = 0.52 
% Moisture p = 0.14 p = 0.36 P = 0.53 
NH4+ p = 0.21 p = 0.34 P = 0.79 
NO3- p = 0.42 p = 0.24 P = 0.12 
Total N p = 0.11 p = 0.12 P = 0.37 
Total C     p = 0.10†† p = 0.41 P = 0.34 
    
                             * Inside exclosures = 45.4%; Outside exclosures = 35.1% 
                           ** Experimental (outside exclosures) = 19.5%; Reference = 31.2% 
                             † Experimental (outside exclosures) = 0.72 mg/kg; Reference = 1.80 mg/kg 
                           †† Inside exclosures = 67.57 g/kg; Outside exclosures = 45.38 g/kg  
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Table 4. Student’s t-tests of soil variables inside (N=8) versus outside (N=8) of 
exclosures on experimental ridge-tops, experimental (outside exclosures) versus 
reference (N=8) ridge-tops, and inside (N=7) versus outside (N=7) of exclosures on 
experimental grasslands within 10-20 cm cores yielded p-values listed below.  P-values 
are sorted by season, variable, and treatment comparison, with significant differences (p 
≤ 0.10) indicated by bold type. 
Soil Variable t-Test Comparisons 
    
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside 
Exclosures) vs. 
Reference Ridge-tops 
Inside vs. Outside 
Exclosures on 
Experimental Grasslands 
    
Fall 2003 
pH p = 0.48 p = 0.63 p = 0.70 
% Moisture p = 0.81 p = 0.80 p = 0.28 
NH4+ p = 0.13 p = 0.11 p = 0.32 
NO3- p = 0.59 p = 0.30 p = 0.61 
Total N p = 0.67 p = 0.68 p = 0.50 
Total C p = 0.49 p = 0.61 p = 0.23 
    
Spring 2004 
pH p = 0.60 p = 0.34 p = 0.77 
% Moisture p = 0.27 p = 0.59 p = 0.57 
NH4+ p = 0.71    p = 0.02* p = 0.74 
NO3- p = 0.51 p = 0.18 p = 0.68 
Total N p = 0.60 p = 0.89 p = 0.99 
Total C p = 0.45 p = 0.62 p = 0.84 
    
Summer 2004 
pH p = 0.62 p = 1.00 p = 0.53 
% Moisture p = 0.59     p = 0.10** p = 0.37 
NH4+ p = 0.79       p = 0.01*** p = 0.61 
NO3- p = 0.53 p = 0.35 p = 0.24 
Total N p = 0.44 p = 0.84 p = 0.53 
Total C p = 0.37 p = 0.17 p = 0.51 
    
Fall 2004 
pH p = 0.23 p = 0.76 p = 0.64 
% Moisture p = 0.43 p = 0.31 p = 0.71 
NH4+ p = 0.69 p = 0.79 p = 0.87 
NO3- p = 0.73 p = 0.28 p = 0.52 
Total N p = 0.68 p = 0.32 p = 0.48 
Total C p = 0.41 p = 0.62 p = 0.20 
    
                             * Experimental (outside exclosures) = 0.68 mg/kg; Reference = 0.25 mg/kg 
                           ** Experimental (outside exclosures) = 18.3%; Reference = 24.7% 
                         *** Experimental (outside exclosures) = 0.44 mg/kg; Reference = 0.94 mg/kg 
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Figure 7. Percent moisture within 0-10 cm soils on reference and experimental ridge-tops 
(IN = inside exclosures; OUT = outside exclosures) between fall 2003 and fall 2004.  
Bars represent ± 1 standard error.   
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Figure 8. Percent moisture within 10-20 cm soils on reference and experimental ridge-
tops (IN = inside exclosures; OUT = outside exclosures) between fall 2003 and fall 2004.  
Bars represent ± 1 standard error. 
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Figure 9. Soil NH4+ within 0-10 cm soils on reference and experimental ridge-tops (IN = 
inside exclosures; OUT = outside exclosures) between fall 2003 and fall 2004.  Bars 
represent ± 1 standard error.   
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Figure 10. Soil NH4+ within 10-20 cm soils on reference and experimental ridge-tops (IN 
= inside exclosures; OUT = outside exclosures) between fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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Figure 11. Total C within 0-10 cm soils on reference and experimental ridge-tops (IN = 
inside exclosures; OUT = outside exclosures) between fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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There were no significant differences in ridge-top or grassland soil Mg levels 
among treatments in any season, neither in 0-10 cm nor 10-20 cm core depths (Tables 5-
8).  Soils differed among treatments with respect to P, K, Ca, and Zn in some seasons and 
soil depths.  In fall 2003, P within 0-10 cm cores was higher (p = 0.10) outside exclosures 
on experimental ridge-tops (12.3 mg/kg) than on reference ridge-tops (7.0 mg/kg) (Fig. 
12).  A similar result was observed in 10-20 cm cores in that season and in fall 2004 
when P levels were significantly higher (p = 0.05, fall 2003; p = 0.06, fall 2004) on 
experimental ridge-tops (13.6 mg/kg, fall 2003; 7.6 mg/kg, fall 2004) than on reference 
sites (3.7 mg/kg, fall 2003; 3.4 mg/kg, fall 2004) (Fig. 13).  There was also a difference 
in P within 10-20 cm cores inside and outside of exclosures on experimental sites in fall 
2003.  P was higher (p = 0.09) outside exclosures (13.6 mg/kg) than inside (5.9 mg/kg) 
(Fig. 13).  In fall 2003, grassland soils had higher (p = 0.03) P within 0-10 cm cores 
inside exclosures (11.6 mg/kg) than outside exclosures (10.6 mg/kg) (Tables 5 and 7). 
Annual measures of soil K exhibited differences among treatments.  In 2003, K 
was higher (p = 0.03) within 0-10 cm cores on experimental ridge-tops outside exclosures 
(132.5 mg/kg) than on reference sites (62.7 mg/kg) (Fig. 14).  Similarly, within 10-20 cm 
cores during fall of 2003 and 2004, K was higher (p = 0.10, 2003; p = 0.05, 2004) on 
experimental ridge-tops (98.7 mg/kg, 2003; 106.8 mg/kg, 2004) than on reference sites 
20 
(53.4 mg/kg, 2003; 68.3 mg/kg, 2004) (Fig. 15).  Additionally, 0-10 cm grassland soils 
inside exclosures had significantly higher (p = 0.03) K levels (75.1 mg/kg) than outside 
exclosures (60.4 mg/kg) in fall 2003 (Tables 5 and 7). 
Table 5. Mean nutrient levels within 0-10 cm soils in fall 2003 and fall 2004.  Means are 
sorted by season, variable, and treatment, and are based on data from 8 experimental 
ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) sites (Appendix B, 
Tables B9 and B10). 
Season Site Type 
Mean 
Phosphorus 
(mg/kg) 
Mean 
Potassium
(mg/kg) 
Mean 
Calcium 
(mg/kg) 
Mean 
Magnesium 
(mg/kg) 
Mean Zinc 
(mg/kg) 
           
Fall 2003 IN OUT IN OUT IN OUT IN OUT IN OUT 
 RT 10.7 12.3 108.1 132.5 329.9 205.4 67.0 56.3 3.2 3.2 
 REF 7.0 62.7 177.2 49.3 2.1 
 GL 11.6 10.6 75.1 60.4 591.7 539.6 234.1 242.8 3.1 2.8 
           
Fall 2004           
 RT 8.8 9.3 116.4 121.3 212.8 164.3 62.2 51.4 2.7 2.2 
 REF 6.1 86.4 238.6 39.3 2.5 
 GL 10.8 12.7 82.7 79.6 613.7 776.6 234.1 114.8 3.6 3.4 
 
 
 
Table 6. Mean nutrient levels within 10-20 cm soils in fall 2003 and fall 2004.  Means 
are sorted by season, variable, and treatment, and are based on data from 8 experimental 
ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) sites (Appendix B, 
Tables B11 and B12) 
Season Site Type 
Mean 
Phosphorus 
(mg/kg) 
Mean 
Potassium
(mg/kg) 
Mean 
Calcium 
(mg/kg) 
Mean 
Magnesium 
(mg/kg) 
Mean Zinc 
(mg/kg) 
           
Fall 2003 IN OUT IN OUT IN OUT IN OUT IN OUT 
 RT 5.9 13.6 97.0 98.7 83.9 85.6 30.8 31.4 1.9 1.8 
 REF 3.7 53.4 58.9 20.9 1.1 
 GL 5.0 11.3 83.2 75.9 721.0 765.4 336.2 354.0 3.4 2.2 
           
Fall 2004           
 RT 6.1 7.6 102.5 106.8 57.8 96.9 31.4 35.0 1.6 1.5 
 REF 3.4 68.3 92.1 24.1 1.4 
 GL 3.7 4.5 88.4 57.4 610.8 678.4 306.7 287.2 3.4 2.4 
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Table 7. Student’s t-tests of soil nutrient variables inside (N=8) versus outside (N=8) of 
exclosures on experimental ridge-tops, experimental (outside exclosures) versus 
reference (N=8) ridge-tops, and inside (N=7) versus outside (N=7) of exclosures on 
experimental grasslands within 0-10 cm cores yielded p-values listed below.  P-values 
are sorted by season, variable, and treatment comparison, with significant differences (p 
≤ 0.10) indicated by bold type. 
Soil Variable t-Test Comparisons 
    
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside 
Exclosures) vs. 
Reference Ridge-tops 
Inside vs. Outside 
Exclosures on 
Experimental Grasslands 
    
Fall 2003 
Phosphorus p = 0.56   p = 0.10*     p = 0.03** 
Potassium p = 0.44       p = 0.03***                p = 0.03† 
Calcium p = 0.49 p = 0.78 p = 0.48 
Magnesium p = 0.44 p = 0.75 p = 0.51 
Zinc p = 0.89 p = 0.11 p = 0.24 
    
Fall 2004 
Phosphorus p = 0.75 p = 0.11 p = 0.62 
Potassium p = 0.66 p = 0.11 p = 0.45 
Calcium P = 0.60 p = 0.49                p = 0.08†† 
Magnesium p = 0.11 p = 0.44 p = 0.81 
Zinc       p = 0.02††† p = 0.58 p = 0.69 
 
                             * Experimental (outside exclosures) = 12.3 mg/kg; Reference = 7.0 mg/kg 
                           ** Inside exclosures = 11.6 mg/kg; Outside exclosures = 10.6 mg/kg 
                         *** Experimental (outside exclosures) = 132.5 mg/kg; Reference = 62.7 mg/kg 
                             † Inside exclosures = 75.1 mg/kg; Outside exclosures = 60.4 mg/kg 
                           †† Inside exclosures = 613.7 mg/kg; Outside exclosures = 776.6 mg/kg 
                         ††† Inside exclosures = 2.7 mg/kg; Outside exclosures = 2.2 mg/kg 
 
 
22 
Table 8. Student’s t-tests of soil nutrient variables inside (N=8) versus outside (N=8) of 
exclosures on experimental ridge-tops, experimental (outside exclosures) versus 
reference (N=8) ridge-tops, and inside (N=7) versus outside (N=7) of exclosures on 
experimental grasslands within 10-20 cm cores yielded p-values listed below.  P-values 
are sorted by season, variable, and treatment comparison, with significant differences (p 
≤ 0.10) indicated by bold type. 
Soil Variable t-Test Comparisons 
    
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside Exclosures) vs. 
Reference Ridge-tops 
Inside vs. Outside 
Exclosures on 
Experimental Grasslands 
    
Fall 2003 
Phosphorus   p = 0.09*     p = 0.05** p = 0.50 
Potassium p = 0.95       p = 0.10*** p = 0.53 
Calcium p = 0.98 p = 0.56 p = 0.95 
Magnesium p = 0.93 p = 0.29 p = 0.51 
Zinc p = 0.96         p = 0.05****     p < 0.001† 
    
Fall 2004 
Phosphorus p = 0.48     p = 0.06†† p = 0.64 
Potassium p = 0.76       p = 0.05††† p = 0.25 
Calcium p = 0.53 p = 0.95 p = 0.37 
Magnesium p = 0.61 p = 0.42 p = 0.93 
Zinc p = 0.28 p = 0.78           p = 0.001†††† 
 
                             * Inside exclosures = 5.9 mg/kg; Outside exclosures = 13.6 mg/kg 
                           ** Experimental (outside exclosures) = 13.6 mg/kg; Reference = 3.7 mg/kg 
                         *** Experimental (outside exclosures) = 98.7 mg/kg; Reference = 53.4 mg/kg 
                       **** Experimental (outside exclosures) = 1.8 mg/kg; Reference = 1.1 mg/kg 
                             † Inside exclosures = 3.4 mg/kg; Outside exclosures = 2.2 mg/kg 
                           †† Experimental (outside exclosures) = 7.6 mg/kg; Reference = 3.4 mg/kg 
                         ††† Experimental (outside exclosures) = 106.8 mg/kg; Reference = 68.3 mg/kg 
                       †††† Inside exclosures = 3.4 mg/kg; Outside exclosures = 2.4 mg/kg 
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Figure 12. Phosphorus levels within 0-10 cm soils on reference and experimental ridge-
tops (IN = inside exclosures; OUT = outside exclosures) in fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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Figure 13. Phosphorus levels within 10-20 cm soils on reference and experimental ridge-
tops (IN = inside exclosures; OUT = outside exclosures) in fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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Figure 14. Potassium levels within 0-10 cm soils on reference and experimental ridge-
tops (IN = inside exclosures; OUT = outside exclosures) in fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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Figure 15. Potassium levels within 10-20 cm soils on reference and experimental ridge-
tops (IN = inside exclosures; OUT = outside exclosures) in fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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 Fall Ca levels inside and outside of exclosures on forested ridge-top treatment
did not differ in the 0-10 cm depth during 2003 and 2004.  A similar pattern was 
observed for Ca levels at the 10-20 cm 
s 
depth.  In fall 2004, however, 0-10 cm grassland 
ils outside exclosures had higher (p = 0.08) levels of Ca (776.6 mg/kg) than soils inside 
exclosures (613.7 mg/kg) (Table 7).   
so
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 There were several differences in Zn levels between treatments.  In fall 2004, Zn 
levels within 0-10 cm experimental ridge-top soils were higher (p = 0.02) inside 
exclosures (2.7 mg/kg) than outside (2.2 mg/kg) (Fig. 16).  Within 10-20 cm cores in fall 
2003, experimental ridge-top soils had higher (p = 0.05) levels of Zn (1.8 mg/kg) than 
reference ridge-tops (1.1 mg/kg) (Fig. 17).  During fall in both years, 10-20 cm grassland 
soils exhibited higher (p < 0.001, fall 2003; p = 0.001, fall 2004) levels of Zn inside 
exclosures (3.4 mg/kg, fall 2003 and fall 2004) than outside exclosures (2.2 mg/kg, fall 
2003; 2.4 mg/kg, fall 2004) (Fig. 18).  
 
Figure 16. Zinc levels within 0-10 cm soils on reference and experimental ridge-tops (IN 
= inside exclosures; OUT = outside exclosures) in fall 2003 and fall 2004.  Bars represent 
± 1 standard error. 
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Figure 17. Zinc levels within 10-20 cm soils on reference and experimental ridge-tops 
(IN = inside exclosures; OUT = outside exclosures) in fall 2003 and fall 2004.  Bars 
represent ± 1 standard error. 
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Figure 18. Zinc levels within 10-20 cm soils on grassland sites (IN = inside exclosures; 
OUT = outside exclosures) in fall 2003 and fall 2004.  Bars represent ± 1 standard error. 
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Vegetation 
 Effects of elk activity on vegetation of experimental ridge-tops were apparent 
prior to and during the study.  Mean leaf litter depths were generally higher on reference 
ridge-tops and experimental ridge-tops inside exclosures than outside of exclosures on 
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experimental ridge-tops (Table 9).  Student’s t-tests revealed deeper (p <0.001, fall 2003; 
p = 0.08, spring 2004; p = 0.001, summer 2004; p = 0.04, fall 2004) litter layers on 
reference ridge-tops (6.4 cm, fall 2003; 4.4 cm, spring 2004; 3.2 cm, summer 2004; 4.9 
cm, fall 2004) than on experimental ridge-tops outside exclosures (1.9 cm, fall 2003;
cm, spring 2004; 0.9 cm, summer 2004; 3.2, fall 2004) during all seasons (Tables 9 an
10, Fig. 19).   During spring and summer 2004, litter layers were deeper (p = 0.05, spring 
2004; p = 0.04, summer 2004) on experimental ridge-tops inside exclosures (4
spring 2004; 1.8 cm summer 2004) than outside exclosures (3.1 cm, spring 2004; 0.9 cm
summer 2004) (Table 10, Fig. 19).     
 I found more bare ground outside exclosures on experimental ridge-tops in sprin
and summer 2004 (p = 0.04 and p = 0.004, respectively) (20%, spring; 27.8%, summer) 
than inside exclosures (8.7%, spring; 7.4%, summer) (Tables 11 and 12, Figs. 20 and 
 3.1 
d 
.5 cm, 
, 
g 
21).  
eference ridge-tops also exhibited less (p = 0.02, spring and summer) bare ground 
ge of litter cover was greater (p = 0.05, spring and 
summer) on reference ridge-tops (71.8%, spring; 76.9, summer) than outside 
experimental ridge-top exclos %, s ,  sum 4, 
there was m e e erim l rid top
exclosures (20.3%) than outside (11.5%).  There were no differences in the quantity of 
coarse woody debris among treatments.  Experimental grassland treatments did not differ 
 percentages of bare ground, ground cover, or composition of grasses versus forbs. 
 
Table 9. Mean leaf litter depths on 8 reference and 8 experimental ridge-tops (Appendix 
C, Table C1).  Data are sorted by season and treatment (IN = inside exclosures; OUT = 
outside exclosures). 
Site Type Mean Leaf Litter Depths (cm) 
R
(0.5%, spring; 1.1%, summer) than outside experimental ridge-top exclosures (20%, 
spring; 27.8% summer).  The percenta
ures (52.8 p ing; 51.8%r  summer).  In mer 200
ore (p = 0.06) vegetative ground cover insid xp enta ge-  
in
 
 Fall 2003 Spring 2004 Summer 2004 Fall 2004 
 
 IN OUT IN OUT IN OUT IN OUT 
Experimental Ridge-tops 2.2 1.9 4.5 3.1 1.8 0.9 3.7 3.2 
Reference Ridge-tops 6.4 4.4 3.2 4.9 
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Table 10. Student’s t-tests of leaf litter depths inside (N=8) versus outside (N=8) of 
exclosures on experimental ridge-tops and experimental (outside exclosures) versus 
reference (N=8) ridge-tops yielded p-values listed below.  P-values are sorted by season 
and treatment comparison, with significant differences (p ≤ 0.10) indicated by bold type. 
Vegetation 
Characteristic 
t-Test Comparisons 
   
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside 
Exclosures) vs. Reference 
Ridge-tops 
  
Fall 2003 
p = 0.28   p < 0.001* 
  
Spring 2004 
   p = 0.05**     p = 0.08*** 
  
Summer 2004 
              p = 0.04†     p = 0.001†† 
  
Fall 2004 
              p = 0.18     p = 0.04††† 
Le
af
 L
itt
er
 D
ep
th
s 
  
          * Experimental (outside exclosure) = 1.9 cm; Reference = 6.4 cm 
        ** Inside exclosure = 4.5 cm; Outside exclosure = 3.1 cm 
      *** Experimental (outside exclosure) = 3.1 cm; Reference = 4.4 cm 
          † Inside exclosure = 1.8 cm; Outside exclosure = 0.9 cm 
        †† Experimental (outside exclosure) = 0.9 cm; Reference = 3.2 cm 
      ††† Experimental (outside exclosure) = 3.2 cm; Reference = 4.9 cm 
 
 
Figure 19. Leaf litter depths on reference and experimental ridge-tops (IN = inside 
exclosures; OUT = outside exclosures) between fall 2003 and fall 2004.  Bars represent ± 
1 standard error. 
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Table 11. Mean vegetation survey results in spring and summer 2004 are based on data from 8 experimental ridge-tops, 8 
reference ridge-tops, and 8 grassland sites (Appendix C, Tables C2 and C3).  Data are sorted by season, cover characteristic, 
and treatment (IN = inside exclosures; OUT = outside exclosures) 
Cover Characteristic Experimental Ridge-tops Reference Ridge-tops Experimental Grasslands
 
Spring 2004 
      
      
     
     
IN OUT IN OUT
% Bare Ground 8.7 20.0 0.5 11.3 11.5 
% Vegetative Ground Cover 27.0 18.9 18.5 88.7 88.5
 % Grass in Ground Cover -- -- --      57.7      52.0 
 % Forb in Ground Cover -- -- --      42.3      48.0 
% Litter Cover 51.2 52.8 71.8 -- -- 
% Woody Debris 13.1 8.3 9.2 -- -- 
 
Summer 2004 
 
      
     
IN OUT IN OUT
% Bare Ground 7.4 27.8 1.1 18.3 16.8 
% Vegetative Ground Cover 20.3 11.5 13.8 81.7 83.2
 % Grass in Ground Cover -- -- --      65.1      60.0 
 % Forb in Ground Cover -- -- --      34.9      40.0 
% Litter Cover 59.7 51.8 76.9 -- -- 
% Woody Debris 12.6 8.9 8.2 -- -- 
 
 
 
Table 12. Student’s t-tests of vegetation survey data inside (N=8) versus outside (N=8) 
of exclosures on experimental ridge-tops, experimental (outside exclosures) versus 
reference (N=8) ridge-tops, and inside (N=7) versus outside (N=7) of exclosures on 
experimental grasslands yielded p-values listed below.  P-values are sorted by season, 
cover characteristic, and treatment comparison, with significant differences (p ≤ 0.10) 
indicated by bold type.  Data were arcsine square root transformed for these analyses 
(Appendix C, Tables C4-C6).   
Cover Characteristic t-Test Comparisons 
    
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside 
Exclosures) vs. 
Reference Ridge-tops 
Inside vs. Outside 
Exclosures on 
Experimental Grasslands 
    
Spring 2004 
% Bare Ground   p = 0.04*     p = 0.02** p = 0.65 
% Vegetative Ground Cover p = 0.19 p = 0.83 p = 0.65 
     % Grass in Ground Cover -- -- p = 0.73 
     % Forb in Ground Cover -- -- p = 0.73 
% Litter Cover p = 0.88        p = 0.05*** -- 
% Woody Debris p = 0.13 p = 0.66 -- 
 
Summer 2004 
% Bare Ground   p = 0.004†     p = 0.02†† p = 0.68 
% Vegetative Ground Cover      p = 0.06††† p = 0.42 p = 0.68 
     % Grass in Ground Cover -- -- p = 0.78 
     % Forb in Ground Cover -- -- p = 0.78 
% Litter Cover p = 0.22         p = 0.05†††† -- 
% Woody Debris p = 0.32 p = 0.84 -- 
 
                                                     * Inside exclosures = 8.7 %; Outside exclosures = 20.0 % 
                                                   ** Experimental (outside exclosures) = 20.0 %; Reference = 0.5 % 
                                                 *** Experimental (outside exclosures) = 52.8 %; Reference = 71.8 % 
                                                     † Inside exclosures = 7.4 %; Outside exclosures = 27.8 % 
                                                   †† Experimental (outside exclosures) = 27.8 %; Reference = 1.1 % 
                                                 ††† Inside exclosures = 20.3 %; Outside exclosures = 11.5 % 
                                               †††† Experimental (outside exclosures) = 51.8 %; Reference = 76.9 % 
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Figure 20. Spring 2004 vegetation survey results on reference (N=8) ridge-tops and 
experimental ridge-tops inside (N=8) and outside (N=8) of exclosures.  Each pie chart 
represents the average percentages of bare ground, vegetative cover, litter cover, and 
woody debris on each treatment. 
Experimental Ridge-tops Inside Exclosures
51.2%
8.7%
13.1%
27.0%
% Bare Ground
% Veg Cover
% Litter
% Woody Debris
Experimental Ridge-tops Ouside Exclosures
20.0%
52.8%
18.9%
8.3%
 
Reference Ridge-tops
9.2%
0.5%
18.5%
71.8%
 
32 
Figure 21. Summer 2004 vegetation survey results on reference (N=8) ridge-tops and 
experimental ridge-tops inside (N=8) and outside (N=8) of exclosures.  Each pie chart 
represents the average percentages of bare ground, vegetative cover, litter cover, and 
woody debris on each treatment. 
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Water Quality 
 Monthly precipitation totals were obtained from data collected at weather stations 
within Robinson Forest from January 2004 through April 2005 (Figure 22).  Study sites 
received the greatest monthly rainfall during May 2004, September 2004, and April 2005, 
with 22.23 cm, 16.79 cm, and 17.39 cm respectively.  These monthly totals were also 
greater than mean monthly precipitation (from 1972-1998) of 11.46 cm in May, 8.54 cm 
in September, and 9.18 cm in April (Figure 22). 
Water pH in sediment traps ranged from a low of 5.4 (reference sites in March 
2004) to a high of 8.4 (experimental ridge-tops inside exclosures in July 2004) between 
February 2004 and April 2005 (Table 13).  Water pH peaked across treatments in July, 
following a period of elevated precipitation (Fig. 23).  Mean water pH during the 473-day 
sampling period did not differ (p ≥ 0.10) between sediment traps on experimental ridge-
tops outside exclosures (6.5) and sediment traps on reference ridge-tops (6.4) (Table 14).  
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However, mean water pH was higher (p = 0.02) in sediment traps inside exclosures on 
experimental ridge-tops (6.8) than in sediment traps outside exclosures (6.5) (Table 14). 
Figure 22. Monthly precipitation totals were obtained from data collected at weather 
stations within the University of Kentucky’s Robinson Forest.  Treatment period totals 
represent monthly rainfall from January 2004 through April 2005.  Mean totals represent 
average monthly rainfall between 1972 and 1998.   
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Figure 23. Water pH was measured in samples collected approxima
sediment traps inside exclosures, outside exclosures, and on reference sites between 
February 2004 and April 2005.  The 473-day sampling period began on 1/13/04 (day 0) 
with the installation of traps and ended on 4/30/05 with the last sampling event.   
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tely monthly from 
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Table 13. Water quality variables including pH, NH4+, NO3-, total organic carbon(TOC), and sediment levels were measured 
approximately monthly from February 2004 to April 2005 (Appendix D, Table D1).  Data below were obtained by averaging 
results from sediment traps at each site type (RT = experimental ridge-top; REF = reference).  Data are sorted by sampling day 
during the 473-day sampling period and by variables measured.   
Sampling Date/Day During Sampling Period  
Variable  Site Type 2/18/04 
Day 36 
3/19/04 
Day 66 
4/30/04 
Day 108 
6/3/04 
Day 142 
7/16/04 
Day 185 
8/28/04 
Day 228 
10/31/04 
Day 292 
11/30/04 
Day 322 
12/30/04 
Day 352 
2/28/05 
Day 412 
4/30/05 
Day 473 
473-day 
Average 
 
RT-IN             
             
            
             
             
            
             
             
            
         1.83    
             
            
             
             
             
          
6.6 6.3 6.5 6.6 8.4 7.2 6.3 6.5 6.7 6.6 6.8 6.8
RT-OUT
 
5.8 5.9 6.0 6.3 7.5 7.0 6.1 6.7 6.5 6.7 6.9 6.5
REF 6.0 5.4 5.9 6.2 7.0 6.7 6.2 6.8 6.4 6.8 6.7 6.4
M
e
a
n
 
p
H
 
 
RT-IN 0.016 0.584 0.837 1.679 0.787 1.495 0.758 0.225 0.127 0.197 0.455 0.651
RT-OUT
 
0.013 0.028 0.123 1.091 0.900 0.111 0.692 0.364 0.180 0.246 0.619 0.397
REF 0.011 0.011 0.046 0.467 0.266 0.125 0.188 0.069 0.013 0.079 0.210 0.135
M
e
a
n
 
N
H
4
+
(
m
g
/
k
g
/
m
2
)
 
 
RT-IN 0.098 0.064 0.031 0.028 0.123 0.104 0.032 0.071 0.047 0.085 0.015 0.063
RT-OUT
 
0.051 0.024 0.029 0.018 0.066 0.007 0.157 0.064 0.050 0.075 0.001 0.049
REF 0.039 0.016 0.010 0.008 0.003 0.006 0.108 0.005 0.038 0.039 0.002 0.025
M
e
a
n
 
N
O
3
-
(
m
g
/
k
g
/
m
2
)
 
 
RT-IN 1.28 4.76 12.86 15.27 5.18 5.43 9.42 10.33 1.70 2.71 6.43
RT-OUT
 
0.73 3.33 14.85 9.16 4.52 4.69 14.45 10.17 2.27 1.75 3.86 6.34
REF 0.44 1.68 2.63 1.21 1.24 1.01 4.73 1.03 0.49 0.54 1.88 1.53
M
e
a
n
 
T
O
C
 
(
m
g
/
k
g
/
m
2
)
 
 
RT-IN 2.01 1.16 1.29 1.80 7.32 3.46 4.40 0.62 0.91 0.49 0.81 2.21
RT-OUT 0.15 2.14 3.39 1.62 4.68 5.94 7.34 0.76 1.69 0.85 2.88 2.86
REF 0.09 0.23 0.22 0.65 1.25 0.61 0.89 0.12 0.09 0.05 0.09 0.39M
e
a
n
 
S
e
d
i
m
e
n
t
 
W
e
i
g
h
t
s
 
(
g
/
m
2
)
 
 
Month Feb 04 Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan 05 Feb Mar Apr
                 r 8.56 9.12 8.97 22.23 12.34 11.71 6.66 16.79 11.56 10.9 7.56 4.56 9.19 6.45 17.39
M
o
n
P
c
i
p
.
 
(
c
m
)
 
t
h
l
y
 
e
 
 
Table 14.  Student’s t-tests of water variables inside (N=2) versus outside (N=2) of 
exclosures on experimental ridge-tops and experimental (outside exclosures) versus 
reference (N=2) ridge-tops yielded p-values listed below.  P-values are sorted by water 
variable and treatment comparison, with significant differences (p ≤ 0.10) indicated by 
bold type. 
Water Variable t-Test Comparisons 
   
 Inside vs. Outside 
Exclosures on 
Experimental Ridge-tops 
Experimental (Outside 
Exclosures) vs. Reference 
Ridge-tops 
 
pH   p = 0.02* p = 0.59 
NH4+ p = 0.12     p = 0.05** 
NO3- p = 0.41 p = 0.15 
TOC p = 0.91       p = 0.01*** 
Sediment  p = 0.25        p = 0.01**** 
 
      * Inside exclosure = 6.8; Outside exclosure = 6.5 
    ** Experimental (outside exclosure) = 0.397 mg/kg/m2; Reference = 0.135 mg/kg/m2
  *** Experimental (outside exclosure) = 6.34 mg/kg/m2; Reference = 1.53 mg/kg/m2
**** Experimental (outside exclosure) = 2.86 g/m2; Reference = 0.39 g/m2
 
 
Ammonium levels in sediment traps across treatments peaked in June 2004 and 
were generally lowest across treatments in winter (Fig. 26).  Water collected from traps 
inside exclosures also had a peak in NH4+ in August 2004, whereas traps outside 
exclosures and on reference sites exhibited a drop in NH4+ levels at this time.  Mean 
NH4+ in water from sediment traps outside exclosures on experimental ridge-tops (0.397 
mg/kg/m2) was higher (p = 0.05) than from sediment traps on reference ridge-tops (0.135 
mg/kg/m2) (Table 14).  There were no differences (p ≥ 0.10) in NH4+ between sediment 
traps on experimental ridge-top treatments during the sampling period (Table 14).   
There was more variability in NO3- levels among treatments from July through 
November 2004, however trends were not as apparent as in pH, NH3+, TOC, or sediments 
(Fig. 27).  In general, experimental ridge-top sediment traps had higher NO3- than 
reference ridge-top sediment traps in July 2004, although in October 2004, reference 
ridge-tops and experimental ridge-tops outside exclosures had the highest levels of NO3- 
in sediment trap water.  The periods February through June 2004, and December 2004 
through April 2005 displayed similar trends across treatments.  There were no differences 
(p ≥ 0.10) in average water NO3- levels between any treatments from February 2004 to 
April 2005 (Table 14).          
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Figure 24. Ammonium levels were measured in water samples collected approximately 
monthly from sediment traps inside exclosures, outside exclosures, and on reference sites 
between February 2004 and April 2005.  The 473-day sampling period began on 1/13/04 
(day 0) with the installation of traps and ended on 4/30/05 with the last sampling event. 
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Figure 25. Nitrate levels were measured in water samples collected approximately 
monthly from sediment traps inside exclosures, outside exclosures, and on reference sites 
between February 2004 and April 2005.  The 473-day sampling period began on 1/13/04 
(day 0) with the installation of traps and ended on 4/30/05 with the last sampling event. 
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Total organic carbon (TOC) in sediment trap water peaked in summer 2004 
eference sites and outside exclosures in June; inside exclosures in July) and again in fall 
2004 (reference sites and outside exclosures in October; inside exclosures in November).  
(r
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Average TOC levels for the 473-day sampling period were higher (p = 0.01) on 
experimental ridge-tops outside exclosures (6.34 mg/kg/m2) than on reference sites (1.53 
mg/kg/m2) (Table 14). 
Sediment losses were highest across all treatments from July through October 
2004, although losses on experimental treatments, in particular, peaked during this time 
ridge-
 
Figure 26. Total organic carbon (TOC) was measured in water samples collected 
approximately monthly from sediment traps inside exclosures, outside exclosures, and on 
reference sites between February 2004 and April 2005.  The 473-day sampling period 
began on 1/13/04 (day 0) with the installation of traps and ended on 4/30/05 with the last 
sampling event. 
(Fig. 29).  Mean sediment losses during the 473-day sampling period were greater (p = 
0.01) on experimental ridge-tops outside exclosures (2.86 g/m2) than on reference 
tops (0.39 g/m2) (Table 14).  
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Figure 27. Sediment was collected and weighed approximately monthly from sedime
traps inside exclosures, outside exclosures, and on reference sites between Februar
and April 2005.  The 473-day sampling period began on 1/13/04 (day 0) with the 
installation of traps and ended on 4/30/05 with the last sampling event  
nt 
y 2004 
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CHAPTER 5: DISCUSSION 
Simplified vegetative structure, reduced litter depths, lower soil moisture, highe
sediment losses, and altered nutrient levels on ridge-tops used by elk suggest that this 
reintroduced species is changing several attributes of the Cumberland Plateau landscape. 
Small forest patches may b
r 
 
e more vulnerable to the effects of elk than large grassland 
expans ily 
 
th 
o what 
Ritchie et al. (1998) call the “decelerating nutrient scenario”, in which high rates of 
es, particularly during warm summer months when elk congregate more heav
on forested ridge-tops.   
Two opposing scenarios describe how ungulates may contribute to nutrient cycles
in different ecosystems.  Ritchie el al. (1998) described a set of positive feedback loops 
referred to as the “nutrient accelerating scenario”, which is perpetuated by ungulate 
grazing in grasslands.  Components of this scenario include compensatory plant grow
in response to herbivory, faster nutrient uptake and growth rates, higher plant 
concentrations of N, higher litter quality, elevated decomposition and mineralization 
rates, and increased availability of N for plants (Ritchie et al. 1998, Frank 1998).  
Alternately, ungulate browsers (such as moose in boreal forests) likely contribute t
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browsing create a negative feedback loop within forest environments.  This scenari
characterized by selectiv
o is 
e browsing on nutrient-rich plants, a subsequent decline in 
abunda
 
nds 
 thus 
rmine 
by Ritc
 is 
ls outside exclosures on experimental ridge-tops (0-
10 cm a
s 
 
 of 
 of 
nd to 
nce of nutrient-rich species, an increase in nutrient-poor species, decreased litter 
quality, slower decomposition and mineralization rates, and less N available to plants 
(Ritchie et al. 1998, Singer and Schoenecker 2003).   
Because elk are intermediate feeders, they fill both grazer and browser roles by 
utilizing grasslands and forests. Thus, following elk restoration, one would expect to see
changes in the eastern Kentucky landscape that lead to higher productivity in grassla
(new component of the landscape) and lower productivity in forests (the historical 
landscape).  Expansive grasslands in eastern Kentucky have been resilient to elk use
far, as I found no treatment differences in soil pH, soil moisture, NH4+, NO3-, total C,  
total N, plant community composition (grass versus forb), or percentages of bare ground 
inside versus outside of grassland exclosures.  Because plant biomass was not directly 
assessed by taking clippings or measuring plant nutrient levels, it is difficult to dete
whether the grasslands used by elk followed the nutrient accelerating scenario described 
hie et al. (1998).   
However, higher soil P and K in 0-10 cm soil cores inside versus outside of 
grassland exclosures in fall 2003 may indicate that elk grazing (in grasslands) and 
successive movement (and deposition of urine and dung) to forested ridge-top patches
contributing to nutrient transfer from grassland expanses to forest patches.  This is further 
supported by higher soil P and K leve
nd 10-20 cm soils) than on reference sites in fall 2003.  The same trend was 
observed in Zn levels within 10-20 cm soils during fall 2003, with higher Zn inside 
versus outside of grassland exclosures and higher Zn on experimental forested ridge-top
outside exclosures than on reference sites.  A clear trend was not observed with regards to
Ca (in 0-10 cm soils) or Zn (in 10-20 cm soils) in fall 2004, however, differences 
observed within any of the grassland variables may be due to the heterogeneity
reclaimed mined land.   
Small forest remnants in eastern Kentucky were more vulnerable to the effects
elk than grassland expanses, particularly during the summer months (when elk te
congregate more heavily on forested ridge-tops during the heat of the day).  Decreased 
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litter, diminished vegetation, and lower levels of soil NH4+ (summer 2004) and total C
(fall 2004) outside exclosures on experimental ridge-tops (versus reference ridge-tops) 
could be explained by the nutrient decelerating scenario described by Ritchie et al. 
(1998).  However, it was also evident that elk consistently used these ridge-tops
sites (large dep
 
 as latrine 
osits of dung and urine saturated soil) following grassland grazing.  
Increas dge-
assland 
ime to 
e of 
exclosu e.   
in 
 
s on 
e-tops, they may also be responsible for movement of ridge-top surface soils 
and the
d 
e 
verage 
osion of 
nce (digging, kicking, etc.), or the indirect consequence of elk 
mechan
ce 
may 
assimilation.  
ed P and K outside exclosures on experimental ridge-tops versus reference ri
tops indicate that elk may be contributing to patterns of nutrient transfer from gr
expanses to forested ridge-top patches.  Exclosed ridge-top areas have had little t
recover from elk use, and lower soil P (in 10-20 cm cores) inside versus outsid
res, as observed in fall 2003, is a trend that may become more evident with tim
It seems counterintuitive that elk could be the cause of decreased productivity 
the forest patches they utilize, while at the same time, a source of nutrient inputs.  This
phenomenon could be clarified by inspecting water quality and sediment movement
experimental and reference ridge-tops.  While elk may be concentrating nutrients on 
forested ridg
 elements contained therein.   
Following a period of heavy precipitation in May 2004, water NH4+, TOC, an
sediment levels in sediment traps increased across all treatments.  Levels of each variabl
fluctuated during the treatment period, but generally remained elevated throughout the 
summer months, particularly within sediment traps on experimental ridge-tops.  A
NH4+, TOC, and sediment levels over the 473-day treatment period followed similar 
trends, with higher nutrient and sediment levels in traps outside exclosures on 
experimental sites than on reference sites.  This could be the result of increased er
nutrient-rich surface soils on sites used by elk (previously or currently), either due to 
physical disturba
ically changing the forest structure by browsing shoots and leaves and trampling 
vegetation, ultimately leaving the soil exposed and susceptible to erosion.  Referen
sites exhibited less water NH4+ and sediment in traps than experimental sites, which 
be due to the absence of physical disturbance of surface soils by elk, increased litter 
levels (fewer areas with exposed soil), or greater vegetative cover and nutrient 
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Water pH peaked across treatments in July, which coincided with a peak in 
sediment levels.  The difference in average pH between experimental ridge-top 
treatments (6.8 inside; 6.5 outside) over the treatment period, while statistically 
), is not meaningful from a water chemistry perspective.   
 
 may 
s 
ghout the summer months, while 
the area
 
e 
lishment of rare or endangered plant species that were absent prior to elk 
reintrod
es 
of 
significant (p = 0.02
Forested ridge-top areas inside exclosures showed recovery from elk use with 
higher surface soil moisture (likely due to increased litter cover) inside exclosures in
spring 2004 than outside exclosures.  Reduced soil moisture in areas used by elk
eventually induce successional changes in eastern Kentucky forests.  Plant species 
requiring less moisture or those that are adapted to more drought-like conditions may 
proliferate. 
Vegetative recovery from elk use was also observed on forested ridge-tops.  A
expected, areas inside exclosures had a lower percentage of bare ground (spring and 
summer 2004) and more vegetation, particularly throu
s outside exclosures continued to show impacts from elk use.  Litter depths inside 
exclosures have not yet approached levels on reference sites, although continued 
accumulation is expected with the sustained absence of elk disturbance.  Differences in 
grassland vegetation among treatments have not yet been observed, although changes will
likely become apparent over time and may eventually appear similar to contrasts 
observed inside and outside of grassland exclosures in Yellowstone and Rocky Mountain 
National Parks. 
Changes in soil biogeochemistry as a result of elk disturbance may facilitate th
re-estab
uction, such as running buffalo clover (Trifolium stoloniferum) and Short’s 
goldenrod (Solidago shortii).  Conversely, such disturbance may offer colonization sit
for noxious, invasive exotics such as Japanese honeysuckle (Lonicera japonica), tree 
heaven (Ailanthus altissima), and autumn olive (Eleaganus umbellata).  Observation for 
such changes in vegetation should continue.    
 
CHAPTER 6: CONCLUSIONS 
In the future, it will be important to examine differences between experimental 
treatments (inside versus outside of exclosures) as a measure of an area’s recovery 
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potential from heavy herbivore use, but it will be equally important to continue 
comparing experimental ridge-tops to reference ridge-tops within Robinson Forest.  
Although there are some inherent differences between the experimental and reference 
ridge-tops (i.e., edge effects) that may influence some soil and vegetation characteristics 
(i.e., so
 
 
ory as a result of elk browsing (White et al. 
2003). 
rk 
 
 
rol 
s 
 elk) were absent from the park, 
ggesting that high elk densities or their choice of habitat is influenced by wolves, and 
that this, in turn, negatively affects aspen regeneration (Ripple et al. 2001, Binkley et al. 
2003).   
Likewise, with the absence of top predators in the elk release zone in Kentucky, 
elk densities and behaviors such as congregating on forested ridge-tops, may negatively 
il moisture), the reference ridge-tops provide a relevant representation of the 
likely soil and vegetation characteristics of the experimental sites prior to strip mining 
activity and elk reintroduction in eastern Kentucky.   
Since the 1940s, declines in willow (Salix spp.) and aspen productivity in western 
national parks have been attributed, in part, to high elk densities (Kay 1997, White et al. 
1998; 2003, Danell et al. 2003, Zeigenfuss et al. 2002, Ripple and Larson 2000, Ritchie et 
al. 1998, Singer and Schoenecker 2003, Peinetti et al. 2001, 2002).  Herbivory appears to
reduce willow biomass in Rocky Mountain National Park where elk are protected and top
predators have been eliminated or controlled (White et al. 2003, Zeigenfuss et al. 2002).  
Aspen stands in Yellowstone National Park have been characterized by extensive black 
bark and low stem numbers in the underst
Elk population numbers were artificially controlled in Yellowstone National Pa
until 1968, at which time the National Park Service (despite the absence of the wolf)
mandated preserving natural processes as much as possible (Frank and McNaughton
1993, Singer et al. 1998, Coughenour and Singer 1996).  In the mid 1990s, natural cont
of Yellowstone’s elk population was enhanced by reintroduction of the gray wolf (Canis 
lupis) to the park (YNP 2004).  Restoration of this keystone species has not only 
enhanced ecosystem biodiversity but has returned evolutionary and behavioral tension
with coyotes (Canis latrans), elk, bison (Bison bison), and other ungulates (Ripple and 
Beschta 2004).  Ripple and Larsen (2000) concluded that aspen regeneration ceased 
during the years that wolves (the main predator of
su
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affect the forest understory to a degree that far exceeds the impacts of pre-Columbian 
or 
landscape features such as remnant ridge-top forests.  Artificial control 
measure ressures of natural predators that may encourage 
el se diff ns of t
plants on small ridge-top patches.  W t the continuous pressures of predation on prey, 
elk influences on the landscape will be limited only by suitable habitat, with the potential 
fo centrate  in local a
Measures should be taken to conserve larger tracts of contiguous forest in the elk 
release zone if the retention of forest interiors and their associated species is desired.  
This would result in less edge habitat (preferred by elk) per unit area of forest, thus 
reducing the overall impact of elk ucky forests.  Although strip mining and 
re tion act ransformed the eastern Kentucky landscape to the extent that it 
was suitable for elk reintroduction, continued loss and fragmentation of contiguous forest 
m imately erode regional biodiversity.  As elk numbers increase to a projected 8000 
an use areas, as well as reclaimed grassland 
ex es, is rec ded so tha rs can fully understand the long-term impact of 
the return of th  gregarious re, and that appropriate management actions 
can be developed to promote native biodiversity. 
 
eastern elk herds and the prehistoric humans who lived with them.  The lack of a predat
such as the gray wolf or cougar (Puma concolor) likely contributes to the development of 
habitual elk use of 
s may not entirely mimic the p
k to u erent portio he landscape, potentially preserving sensitive understory 
ithou
r con d effects reas.     
 on Kent
clama ivities t
ay ult
imals, continued monitoring of these high 
pans ommen t manage
is large,  herbivo
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APPENDIX A: STUDY SITE LOCATIONS 
e UTM Locations 
Table A1. Universal Transverse Mercator (UTM) coordinates of 8 experimental ridge-
tops (RT), 8 reference ridge-tops (REF), and 7 experimental grassland (GL) sites in 
eastern Kentucky. 
Study Sit
   
Site UTM-Eas TM
  
RT1 307210 4146493 
RT2 307605 
RT3 18
 90 4 19
 02 4 52
 95 4 89
 74 4 75
 10 4 80
 
 51 4 88
 37 4 69
 83 4 28
16 4 75
 3 71 4  
REF6 312290 4149900 
REF7 312903 
 313291 4150
  
05745 4145
05851 4146
06162 4145
07634 4145
09201 4143
 308955 4142735
07427 4142
  
   
t U -North 
 
4145617 
41 7583083  45  
RT4 3085  1453  
RT5 3089  1449  
RT6 3089  1445  
RT7 3094  1440  
RT8 3088  1436  
  
REF1 3087  1497  
REF2 3104  1482  
REF3 3106  1489  
REF4 
REF5
3112
116
 
 
1487
149191
 
4150652 
REF8 996 
 
GL1 3 979 
GL2 3 097 
GL3 3 859 
GL4 3 481 
GL6 3
GL7
680 
 
GL8 3 416 
 
45 
APPENDIX B: COMPLETE SOIL DATA 
Table B1. Fall 2003 soil data for each variable within 0-10 cm cores are sorted below
treatment.  Each value is the average of three soil sub-samples taken from each treatment
Eight experimental ridge-top
 by 
.  
s (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) 
sites were sampled.  Treatm eans and standard deviations are listed below each 
column of d  
Site pH % Moisture 
NH4+ 
 
NO3-
g) 
Total N 
(g/kg) 
Total C 
(g/kg) 
ent m
ata.  
(mg/kg) (mg/k
 
 
E e id ps 
O   
xperim ntal R ge-to
 IN UT IN OUT IN OUT IN OUT IN OUT IN OUT 
RT1 4.8 4.7 32.5 31.8 2.70 2.51 0.14 0.29 2.28 2.39 52.02 58.02 
RT2 4.2 4.3 50.6 25.9 3.43 4.42 0.00 0.07 6.89 2.81 188.89 
Mean 4.6 4.6 26.8 22.6 2.64 2.76 0.46 0.40 2.66 2.01 75.73 52.41 
St. Dev 0.5 0.3 11.8 8.4 0.44 1.78 1.08 17.18 15.26 
 
Refe  Ridge-top
 
65.73 
RT3 4.5 4.7 12.5 13.3 2.19 2.25 0.90 0.92 1.53 1.00 39.95 36.32 
RT4 4.5 5.0 18.1 31.7 3.87 4.86 0.35 0.97 1.65 3.92 42.43 63.07 
RT5 
RT6 
4.4 
4.4 
4.3 
4.7 
23.7 
23.0 
28.2 
9.6 
2.52 
1.94 
2.30 
2. 3 
1.84 
0.00 
0.86 
0.00 
2.26 
1.84 
2.41 
0.62 
85.28 
54.81 
67.32 
28.03 2
RT7 5.6 4.8 33.4 17.0 
2  
3.59 2.56 0.42 0.08 3.10 1.48 81.35 39.80 
RT8 4.1 4.1 20.8 3.0 0.85 0.92 
 
0.00 0.00 1.73 1.41 61.08 60.97 
1.00 1.28 0.64 
 
rence s 
REF1 4.6 28.5 2.38 2.52 1.27 32.73
REF2 4.3 12.2 3.41 0.32 1.35 34.11 
 
 
 
 
 
 
Mean 4.6 20.0 3.07 0.50 1.67 42.47 
St. Dev 0.2 5.4 0.87 1.00 17.94 
r ds
O   
REF3 4.9 20.1 5.65 0.10 2.98 46.49
REF4 4.6 26.9 4.11 0.95 3.53 85.18
REF5 
REF6 
4.4 
4.7 
18.4 
16.4 
1.56 
3.35 
0.00 
0.14 
1.27 
1.22 
37.59
38.38
REF7 5.0 17.5 
1  
2.46 0.00 0.87 30.01
REF8 4.5 9.6 1.62 0.00 0.89 35.29
 
1.37 
 
 
G asslan  
 IN UT IN OUT IN OUT IN OUT IN OUT IN OUT 
GL1 5.0 5.7 21.7 14.3 1.12 2.34 1.67 2.17 0.92 0.41 38.95 19.99 
GL2 7.7 7.2 12.4 12.3 0.32 0.18 4.52 3.48 0.64 0.66 35.88 61.13 
 GL3 4.9 4.9 17.1 15.7 0.58 0.51 0.11 0.00 0.84 0.74 22.23 25.31
GL4 
GL6 
5.4 
5.3 
5.5 
5.3 
18.2 
18.2 
18.0 
15.5 
0.00 
0.57 
0.93 
0. 1 
0.80 
0.00 
0.62 
0.00 
0.45 
1.06 
0.31 
0.71 
12.71 
27.95 
11.12 
23.38 8
GL7 7.0 6.6 21.0 
1  
28.1 
1  
0.45 0.57 1.79 2.07 0.0 0.03 3.38 
 
4.48 
GL8 7.5 7.6 7.1 7.3 1.58 1.17 
 
8.32 6.61 0.66 1.08 23.50 24.43 
Mean 6.1 6.1 18.0 17.3 0.66 0.93 2.46 2.14 0.65 0.56 23.51 24.26 
 Dev 1.2 1.0 3.0 5.1 0.53 0.70 3.00 2.35 0.35 0.34 4.72 18.00 
 
 
St.
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 Table B2. Spring 2004 soil data for each variable within 0-10 cm cores are sorted be
by treatment.  Each value is the average of three soil sub-samples taken from each 
treatment.  Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 
grassland (GL) sites were sampled.  Treatment means and standard deviations are listed 
below each column of data. 
low 
TSite pH % Moisture 
NH4+ 
(mg/kg) 
NO3-
(mg/kg) 
Total N 
(g/kg) 
otal C 
(g/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 
  RT2 
4.6 
4.3 
4.3 
4.2 
56.6 
78.1 
48.3 
46.4 
2.00 
2.58 
3.02 
1.48 
0.00 
0.38 
0.00 
0.27 
2.43 
5.30 
2.57 
2.31 160.59 
59.94 75.23 
58.02 
  RT3 4.3 4.4 30.5 30.3 0.56 1.48 0.03 0.00 0.97 3.83 37.68 99.12 
  RT4 4.8 4.9 42.6 28.9 1.86 1.02 0.00 0.00 2.45 1.67 57.28 34.91 
  RT5 4.1 4.1 53.6 37.0 
2  
1.69 0.62 0.03 0.05 2.36 2.05 80.79 64.98 
  RT6 4.2 4.2 39.8 
20.5 
8.7 0.94 0.91 0.11 0.04 0.99 0.82 44.22 33.29 
  RT7 4.7 4.6 23.5 0.62 6.82 0.00 3.16 1.35 1.36 39.66 38.73 
  RT8 4.0 4.0 41.3 37.8 0.79 0.68 
 
0.01 0.15 1.73 1.21 73.43 51.72 
Mean 4.4 4.3 45.4 35.1 1.38 2.00 0.07 0.46 2.20 1.98 69.20 57.00 
St. Dev 0.3 0.3 17.6 8.9 0.75 2.09 
 
0.13 1.10 1.40 0.95 40.04 22.62 
 
Reference Ridge-tops 
  REF1 4.4 28.3 0.15 0.09 1.36 32.51 
  REF2 4.3 24.3 0.18 0.02 0.97 3
4
6
5
4
5
3
44.19 
11.09 
0.27 
  REF3 5.7 31.0 0.55 0.00 2.54 0.59 
  REF4 4.9 38.0 1.26 0.00 2.92 0.39 
  REF5 4.0 28.4 0.71 0.00 2.29 4.20 
  REF6 4.2 39.9 0.87 0.00 1.79 6.08 
  REF7 4.6 34.1 1.27 0.00 1.51 3.43 
  REF8 4.2 32.5 0.14 0.06 1.08 6.06 
 
Mean 4.5 32.1 0.64 0.03 1.81 
St. Dev 0.5 5.2 0.47 0.04 0.71 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 5.4 6.1 13.2 9.6 0.28 0.18 0.14 0.10 0.81 0.79 37.90 21.43 
  GL2 7.5 7.1 12.5 12.8 0.08 0.02 0.00 0.00 0.57 0.98 30.07 49.73 
  GL3 4.2 3.8 18.9 18.3 0.31 0.41 0.06 0.09 0.44 1.29 21.96 60.79 
  GL4 5.0 5.4 19.6 
11.0 
20.3 
1  
0.30 0.61 0.01 0.00 0.37 0.55 13.51 14.50 
  GL6 4.9 5.8 1.8 0.22 0.19 0.04 0.04 0.67 0.73 22.23 
1
23.86 
  GL7 6.4 6.7 20.9 12.8 0.29 0.02 0.00 0.00 0.47 0.01 1.07 4.31 
  GL8 7.1 7.3 14.4 14.9 0.18 0.16 
  
0.12 0.15 1.31 1.12 29.67 25.64 
Mean 5.8 6.0 15.8 14.4 0.24 0.23 0.05 0.05 0.66 0.78 23.77 28.61 
St. Dev 1.2 1.2 3.9 3.8 0.08 0.21 
 
0.06 0.06 0.32 0.42 9.54 19.81 
 
 
 
47 
Table B3. Summer 2004 soil data for each variable within 0-10 cm cores are sorted 
below by treatment.  Each value is the average of three soil sub-samples taken from each 
treatment.  Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 
grassland (GL) sites were sampled.  Treatment means and standard deviations are list
below each colum
ed 
n of data. 
Site pH % Moisture 
NH4+ 
(mg/kg) 
NO3-
(mg/kg) 
Total N 
(g/kg) 
Total C 
(g/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
    RT1 4.3 4.3 29.8 39.7 1.15 1.60 0.01 0.04 1.87 2.18 47.10 49.84 
  RT2 4.5 4.4 40.6 24.3 0.98 0.70 0.00 0.01 3.76 2.26 115.87 58.36 
  RT3 3.9 4.1 10.7 15.3 0.33 0.81 0.00 0.02 1.67 2.84 52.25 82.02 
  RT4 4.4 4.9 20.0 13.6 1.38 0.41 0.00 0.00 3.40 1.39 57.72 27.08 
  RT5 4.1 4.1 23.0 26.5 0.97 0.88 0.00 0.00 2.17 1.88 60.53 48.60 
  RT6 4.0 4.3 14.7 6.7 0.53 0.17 0.00 0.02 1.88 0.71 55.27 22.11 
  RT7 4.6 4.5 6.5 10.5 0.16 0.48 0.03 0.03 0.45 1.33 16.83 33.88 
  RT8 4.0 3.8 15.3 19.5 0.47 0.67 0.03 0.00 1.82 2.77 56.56 87.23 
 
Mean 4.2 4.3 20.1 19.5 0.75 0.72 0.01 0.02 2.13 1.92 57.77 51.14 
St. Dev 0.3 0.3 11.0 10.5 0.43 0.43 0.01 0.01 1.04 0.74 27.29 24.01 
 
 
Reference Ridge-tops 
  REF1 4.3 31.0 0.89 0.01 1.09 35.59 
  REF2 4.0 30.3 1.42 0.02 1.52 41.49 
  REF3 4.7 32.6 3.32 0.00 2.95 46.39 
  REF4 4.4 34.8 2.77 0.00 3.01 64.91 
  REF5 3.8 30.7 1.36 0.02 1.65 44.42 
  REF6 4.3 31.1 1.21 0.01 1.46 30.93 
  REF7 4.3 31.7 1.59 0.01 2.42 53.52 
  REF8 4.2 27.7 1.82 0.04 1.57 28.24 
 
Mean 4.3 31.2 1.80 0.01 1.96 43.19 
St. Dev 0.3 2.0 0.83 0.01 0.73 12.10 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 4.9 5.6 19.5 11.9 0.44 0.40 0.13 0.05 0.99 0.48 42.48 20.00 
  GL2 6.9 6.0 11.7 11.7 0.34 0.30 0.14 0.12 0.78 1.31 34.32 63.64 
  GL3 5.1 5.1 11.3 12.3 0.32 0.37 0.14 0.04 2.94 3.55 22.12 19.97 
  GL4 5.4 5.0 13.7 13.8 0.31 0.34 0.02 0.02 0.42 0.49 11.72 12.81 
  GL6 5.1 5.5 7.9 6.7 0.86 0.32 0.01 0.01 1.00 0.99 28.01 25.82 
  GL7 6.6 7.0 9.2 10.7 0.36 0.46 0.01 0.06 0.23 0.48 7.37 13.50 
  GL8 7.1 6.9 10.5 10.7 0.35 0.39 0.00 0.01 0.90 1.06 25.84 26.86 
  
Mean 5.9 5.9 12.0 11.1 0.43 0.37 0.06 0.04 1.04 1.19 24.55 26.09 
St. Dev 1.0 0.8 3.8 2.2 0.20 0.05 0.07 0.04 0.89 1.09 12.22 17.42 
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Table B4. Fall 2004 soil data for each variable within 0-10 cm cores are sorted below by
treatment.  Each value is the average of three soil sub-samples taken from each trea
Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (G
sites were sampled.  Treatment means and standard deviations are listed below each 
column of data. 
 
tment.  
L) 
Site pH % Moisture 
NH4+ 
(mg/kg) 
NO3-
(mg/kg) 
Total N 
(g/kg) 
Total C 
(g/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 4.4 4.3 42.2 38.7 0.95 1.07 0.00 0.00 1.88 1.57 49.59 40.34 
  RT2 4.0 4.2 73.5 44.1 2.74 1.43 0.09 0.03 4.68 2.26 149.13 56.02 
  RT3 4.2 4.3 36.4 33.5 2.03 1.17 0.06 0.00 1.39 1.63 44.59 46.81 
  RT4 4.2 4.9 41.7 43.8 0.97 1.78 0.00 0.11 2.94 2.54 61.82 43.51 
  RT5 4.2 4.1 36.2 40.9 0.75 0.83 0.00 0.00 2.51 3.04 61.18 77.26 
  RT6 3.9 4.5 34.6 14.3 0.63 0.26 0.00 0.00 1.88 0.71 60.86 22.93 
  RT7 4.9 4.5 31.5 23.4 0.90 0.38 0.01 0.00 1.22 1.13 32.82 22.08 
  RT8 3.8 3.8 38.0 39.5 1.24 0.72 0.17 0.02 2.54 1.35 80.56 54.10 
 
Mean 4.2 4.3 41.8 34.8 1.28 0.96 0.04 0.04 2.38 1.78 67.57 45.38 
St. Dev 0.3 0.3 13.3 10.6 0.73 0.51 0.06 0.01 1.10 0.77 35.85 18.06 
 
 
Reference Ridge-tops 
  REF1 4.4 38.7 0.13 0.00 1.68 45.03 
  REF2 4.2 30.7 0.34 0.00 1.05 32.45 
  REF3 4.8 35.1 1.01 0.13 2.74 49.58 
  REF4 4.8 50.0 1.05 0.00 3.57 83.30 
  REF5 4.0 39.5 0.51 0.00 2.20 60.05 
  REF6 4.4 52.8 0.96 0.00 2.42 77.59 
  REF7 4.5 33.0 1.18 0.16 3.71 35.60 
  REF8 4.2 34.0 0.68 0.16 2.51 42.18 
 
Mean 4.4 39.2 0.73 0.06 2.48 53.22 
St. Dev 0.3 8.1 0.38 0.08 0.89 18.86 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 5.3 5.4 25.4 0.39 0  0  29.84 26.06 
20.4 0.09 0.02 0.01 0.45 1.11 6  
22.0 21.4 0.49 0.44 0.04 0.07 0.63 0.34 15.22 12.50 
17.6 19.2 0.39 0.74 0.04 0.12 0.81 0.74 22.75 24.42 
25.9 0.71 0  0  7.74 
22.0 0.24 .00 0.00 .76 0.53 
  GL2 7.5 7.0 14.8 0.10 31.43 7.88
  GL3 4.3 4.2 16.9 17.8 0.22 0.24 0.00 0.08 0.57 0.72 19.60 23.65 
  GL4 5.4 5.2 
  GL6 5.1 5.6 
  GL7 6.5 6.5 26.9 0.63 .29 0.36 .19 0.16 7.03 
  GL8 5.8 7.0 20.5 20.2 0.80 0.59 0.35 0.32 1.73 4.82 32.21 35.84 
 
Mean 5.7 5.8 20.4 21.1 0.44 0.42 0.11 0.14 0.73 1.20 22.68 28.20 
St. Dev 1.0 1.0 4.3 2.9 0.25 0.24 0.15 0.14 0.49 1.62 9.19 19.86 
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Table B5. Fall 2003 soil data for each variable within 10-20 cm cores are sorted below 
by treatment.  Each value is the average of three soil sub-samples taken from each 
treatment.  Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 
grassland (GL) sites were sampled.  Treatment means and standard deviations are listed 
below each column of data. 
Site pH % Moisture 
NH4+ 
(mg/kg  )
NO3-
(mg/kg) 
Total N 
(g/kg) 
Total C 
(g/kg) 
 
 
Ex ime idg s per ntal R
O
e-top
 IN O  UT IN OUT IN UT IN OUT IN OUT IN OUT 
  RT1 4.9 4.7 25.4 23.0 1.62 2.90 0.33 0.44 0.99 1.04 20.36 
1  
20.85 
  RT2 4.8 4.8 40.1 20.0 2.53 3.28 0.28 0.21 3.69 1.36 15.31 42.67 
  RT3 5.2 5.1 7.2 7.9 2.32 2.36 1.98 2.00 0.18 0.17 8.00 10.01 
  RT4 4.9 5.5 13.1 20.9 2.40 2.65 1.16 1.66 0.49 1.17 16.43 23.86 
1    RT5 4.4 4.5 17.2 23.5 1.81 2.15 3.26 1.90 0.32 0.49 15.26 7.42
  RT6 4.8 4.9 11.6 7.5 1.91 1.33 0.00 0.00 0.17 0.15 11.50 11.42 
  RT7 
  RT8 
4.8 
4.4 
4.8 
4.4 
8.9 
14.3 
10.8 
18.0 
1.72 
0.11 
1.60 
2.83 0.00 0.00 0.32 0.39 
0.05 0.00 0.22 0.48 14.05 
13.31 14.08 
18.57 
 
Mean 
St. Dev 
4.8 
0.3 
4.8 
0.3 10.8 
17.2 16.5 
6.7 0.76 
1.80 2.39 
0.67 
0.78 
0.91 0.91 1.20 0.47 
0.78 0.80 0.66 26.78 
35.95 10.33 
19.86 
 
 
Refe  Ridge-toprence s 
  REF1 4.7 23.8 1.94 3.41 0.72 17.52 
  REF2 4.3 10.9 2.26 4.54 0.39 8.23 
  REF3 5.0 16.8 2.22 0.00 1.02 21.28 
  REF4 5.1 24.5 2.28 3.09 1.17 40.66 
  REF5 4.6 14.1 0.90 0.00 0.30 12.30 
  REF6 4.7 15.1 2.63 1.60 0.53 13.42 
  REF7 
  REF8 
5.0 
4.7 
14.8 
17.5 
1.44 
0.89 
0.00 
0.00 
0.16 
0.22 
14.15 
9.70 
 
Mean 
St. Dev 
4.8 
0.3 
1  7.2
4.7 
1.82 
0.66 
1.58 
1.87 
0.57 
0.37 
1  7.16
10.36 
 
 
Gr ds asslan
O   IN O  UT IN O  UT IN UT IN O  UT IN O  UT IN O  UT
  GL1 -- 5.8 -- 12.4 -- 3.07 -- 2.36 -- 0.80 -- 8.15 
  GL2 7.8 -- 11.5 -- 0.44 -- 4.60 -- 0.41 -- 17.33 
1  
-- 
1    GL3 5.6 5.8 14.2 14.7 0.20 0.37 0.52 1.32 0.58 0.41 3.60 1.39
  GL4 -- -- -- -- -- -- -- -- -- -- -- -- 
  GL6 -- -- -- -- -- -- -- -- -- -- -- -- 
  GL7 
  GL8 
-- 
8.0 
6.0 
7.4 
-- 
14.8 
17.2 
16.2 
-- 
0.37 
0.83 
0.2  
-- 
8.50 
0.00 
3.77 
-- 
0.31 
0.00 
0.31 
-- 
21.47 
1.98 
16.49 5
 
Mean 
St. Dev 
7.1 
1.3 
6.3 
0.8 
1  3.5
1.8 
1  5.1
2.1 
0.34 
0.12 
1.13 
1.3  
4.54 
3.99 
1.86 
1.60 
0.43 
0.13 
0.38 
0.33 
1  7.46
3.94 
9.50 
6.08 2
 
otes 10-20 cm samples could not be obtained due to rocky, shallow so-- Den ils 
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Table B6. Spring 2004 soil data for each variable within 10-20 cm cores are sorted bel
by treatment.  Each value is the average of three soil sub-samples taken from each 
treatment.  Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 
grassland (GL) sites were sampled.  Treatment means and standard deviations are listed 
below each column of data. 
ow 
 Site pH % Moisture 
NH4+ 
(mg/kg) 
NO3-
(mg/kg) 
Total N 
(g/kg) 
Total C
 (g/kg)
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 
  RT2 
4.7 
4.6 
4.6 
4.6 
36.2 
62.5 
33.7 
36.0 
0.50 
1.67 
0.76 
1.06 
0.00 
0.49 
0.03 
0.31 
1.40 
3.47 
0.99
1.18 
 29.19 
126.99
24.11 
33.42  
 
  RT3 4.7 4.5 18.7 22.9 0.16 0  .38 0  .00 0  .00 0  .13 0 4 .6 1 7 2.7 1 6 9.8
  RT4 
  RT5 
5.0 
4.3 
5.0 
4.2 
28.8 
36.5 
21.3 
44.2 
0.67 
0.61 
0.29 
1.31 
0.00 
0.04 
0.00 
0.05 
1.19 
0.70 
0.46 
2.04 
28.42 
25.26 
11.80 
61.55 
  RT6 4.6 
4.7 
4.8 25.9 15.8 0.37 
0.33 
0  .25 0.01 
0  
0  .10 0.21 
0  
0 7 .0 14.84 
1 8 
8 7 .3
  RT7 4.6 16.5 16.4 0.85 .00 0.60 .27 0.29 6.1 12.38 
  RT8 4.2 4.3 31.9 30.7 0.48 0.53 
 
0.14 0.05 0.29 0.37 14.55 12.16 
Mean 4.6 4.6 32.1 27.6 
1  
0.60 0.68 0.09 0.14 0.96 0.75 33.52 22.96 
 St. Dev 0.3 0.3 14.3 0.1 0.46 0.38 
 
0.17 0.21 1.12 0.64 38.34 17.63
 
Reference Ridge-tops 
  REF1 4.7 22.3 0.07 0.00 0.71 15.70
  REF2 4.3 19.8 0.11 0.10 0.38 10.62 
 
 
 
 
 
 
 
 
 
  REF3 5.5 26.2 0.22 0.00 1.35 26.59
  REF4 5.0 30.6 0.34 0.00 1.45 37.47
  REF5 4.5 21.2 0.23 0.00 0.42 14.53
  REF6 4.5 28.0 0.15 0.00 0.45 14.21
  REF7 4.9 25.3 0.76 0.08 0.52 19.65
  REF8 4.5 30.4 0.09 0.07 0.43 16.75
Mean 4.7 25.5 0.25 0.03 0.71 19.44
 St. Dev 0.4 4.1 0.23 0.04 0.44 8.67
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 5.1 -- 12.9 -- 0.12 -- 0.14 -- 0.36 -- 21.95 -- 
  GL2 -- 5.6 -- 15.1 -- 0.00 -- 0.00 -- 0.80 -- 73.75 
  GL3 4.6 
5.1 
4.9 
4  
18.0 
16.1 
15.6 
13.5 
0.24 
0.24 
0.24 
0  
0.11 
0  
0.06 
0  
0.37 
0  
0.40 
0 3 
15.60 
8 7 
15.38 
5 1   GL4 .7 .14 .00 .00 .26 .0 .5 .8
  GL6 -- -- -- -- -- -- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
--
-- 
-- 
-- 
--   GL7 
  GL8 
-- -- -- -- --  
7.5 7.4 12.0 14.0 0.03 0.15 0.13 0.15 0.45 0.66 19.20 21.20 
 
Mean 5.6 5.7 14.8 14.6 0.16 0.13 0.10 0.05 0.36 0.47 16.33 29.04 
St. Dev 1.3 1.2 2.8 1.0 0.10 0.10 0.06 0.07 0.08 0.34 5.79 15.24 
 
-- Denotes 10-20 cm samples could not be obtained due to rocky, shallow soils 
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 Table B7. Summer 2004 soil data for each variable within 10-20 cm cores are sorted 
below by treatment.  Each value is the average of three soil sub-samples taken from each 
treatment.  Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 
grassland (GL) sites were sampled.  Treatment means and standard deviations are listed 
below each column of data. 
Site pH % Moisture 
NH4+ 
(mg/kg) 
NO3-
(mg/kg) 
Total N 
(g/kg) 
Total C 
(g/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 4.7 4.6 25.6 28.9 0.82 0.71 0.06 0.09 1.48 0.94 32.58 22.96 
  RT2 4.5 4.5 42.6 21.1 0.86 0.48 0.00 0.00 3.34 1.41 125.73 40.73 
  RT3 -- -- -- -- -- -- -- -- -- -- -- -- 
  RT4 4.7 4.8 13.5 13.2 0.20 0.41 0.04 0.00 0.38 1.12 14.00 24.12 
  RT5 4.3 4.3 18.1 22.8 0.39 0.61 0.02 0.04 0.87 0.70 21.04 16.29 
  RT6 4.4 -- 9.4 -- 0.20 -- 0.04 -- 0.35 -- 13.46 -- 
  RT7 -- 4.6 -- 7.6 -- 0.19 -- 0.05 -- 0.52 -- 18.18 
  RT8 4.1 4.2 16.5 16.4 0.38 0.21 0.08 0.00 0.72 0.74 18.75 20.56 
 
Mean 4.5 4.5 21.0 18.3 0.48 0.44 0.04 0.03 1.19 0.90 37.59 23.81 
St. Dev 0.2 0.2 11.9 7.5 0.29 0.21 0.03 0.04 1.13 0.32 17.85 8.78 
 
 
Reference Ridge-tops 
  REF1 4.6 24.3 0.53 0.01 0.54 15.05 
  REF2 4.3 19.9 0.61 0.07 0.81 14.11 
  REF3 4.5 27.0 1.52 0.00 1.60 27.62 
  REF4 4.6 25.7 1.48 0.02 1.36 25.33 
  REF5 4.4 23.0 0.71 0.10 0.37 12.56 
  REF6 4.4 27.3 0.71 0.16 0.55 13.50 
  REF7 4.8 24.6 1.07 0.02 0.55 18.71 
  REF8 4.4 25.5 0.89 0.05 1.13 14.51 
 
Mean 4.5 24.7 0.94 0.05 0.86 17.67 
St. Dev 0.2 2.4 0.38 0.05 0.45 5.75 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 5.1 5.2 13.9 12.2 0.30 0.26 0.14 0.05 0.42 0.38 23.75 18.88 
  GL2 6.7 7.4 12.7 13.4 0.25 0.46 0.16 0.17 0.50 0.60 32.71 51.36 
  GL3 5.6 5.4 13.6 11.8 0.21 0.19 0.19 0.11 0.45 0.48 10.36 13.23 
  GL4 -- -- -- -- -- -- -- -- -- -- -- -- 
  GL6 -- -- -- -- -- -- -- -- -- -- -- -- 
  GL7 -- -- -- -- -- -- -- -- -- -- -- -- 
  GL8 -- -- -- -- -- -- -- -- -- -- -- -- 
 
Mean 5.8 6.0 13.4 12.5 0.25 0.30 0.16 0.11 0.46 0.49 22.27 27.82 
St. Dev 0.8 1.2 0.6 0.8 0.05 0.14 0.03 0.06 0.04 0.11 11.25 20.58 
 
-- Denotes 10-20 cm samples could not be obtained due to rocky, shallow soils 
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 Table B8. Fall 2004 soil data for each variable within 10-20 cm cores are sorted below 
by treatment.  Each value is the average of three soil sub-samples taken from each 
treatment.  Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 
grassland (GL) sites were sampled.  Treatment means and standard deviations are listed 
below each column of data. 
Site pH % Moisture 
NH4+ 
(mg/kg) 
NO3-
(mg/kg) 
Total N 
(g/kg) 
Total C 
(g/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 4.7 4.7 32.2 32.0 0.67 0.51 0.00 0.01 0.91 0.87 21.85 22.46 
  RT2 4.5 4.6 61.3 35.0 1.56 0.60 0.15 0.00 3.08 1.11 120.51 35.29 
  RT3 4.4 4.4 18.3 24.2 0.34 0.71 0.00 0.05 0.42 0.83 18.16 26.37 
  RT4 4.5 5.0 26.2 29.6 0.41 0.70 0.00 0.07 0.76 1.24 21.75 26.79 
  RT5 4.3 4.3 23.4 28.8 0.38 0.46 0.00 0.00 0.78 0.88 19.99 19.23 
  RT6 4.5 4.8 22.0 11.7 0.29 0.16 0.00 0.00 0.09 0.10 11.59 9.89 
  RT7 4.9 4.7 20.6 18.5 0.28 0.32 0.00 0.01 0.35 0.25 16.08 10.61 
  RT8 4.1 4.2 28.2 27.3 0.49 0.41 0.11 0.05 0.47 0.62 15.26 17.85 
 
Mean 4.5 4.6 29.0 25.9 0.55 0.48 0.03 0.02 0.86 0.74 30.65 21.06 
St. Dev 0.2 0.3 13.8 7.6 0.43 0.19 0.06 0.03 0.94 0.39 36.47 8.56 
 
 
Reference Ridge-tops 
  REF1 4.6 29.8 0.14 0.00 0.83 23.63 
  REF2 4.5 23.4 0.35 0.01 0.26 11.58 
  REF3 4.7 29.2 0.46 0.07 1.37 27.48 
  REF4 4.8 41.8 0.64 0.00 1.61 41.34 
  REF5 4.4 22.3 0.22 0.00 0.17 11.93 
  REF6 4.4 36.9 0.40 0.02 1.34 43.78 
  REF7 4.8 26.1 0.86 0.16 2.40 18.13 
  REF8 4.2 27.4 0.56 0.27 0.46 12.85 
 
Mean 4.6 29.6 0.45 0.07 1.06 23.84 
St. Dev 0.2 6.7 0.23 0.10 0.77 12.89 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 5.0 5.7 19.9 19.4 0.21 0.23 0.00 0.00 0.40 0.30 19.43 25.21 
  GL2 7.4 7.0 13.8 15.4 0.08 0.06 0.02 0.01 0.65 0.87 35.11 79.81 
  GL3 4.4 3.8 16.2 16.4 0.16 0.38 0.00 0.02 0.19 0.76 12.00 44.79 
  GL4 -- -- -- -- -- -- -- -- -- -- -- -- 
  GL6 4.9 -- 15.9 -- 0.35 -- 0.11 -- 0.39 -- 12.04 -- 
  GL7 -- 6.5 -- 14.8 -- 0.25 -- 0.16 -- 0.00 -- 1.31 
  GL8 7.2 6.9 16.7 16.2 0.39 0.34 0.25 0.19 0.85 0.70 22.58 16.82 
  
Mean 5.8 6.0 16.5 16.4 0.24 0.25 0.08 0.08 0.50 0.53 20.23 33.59 
St. Dev 1.4 1.3 2.2 1.8 0.13 0.12 0.11 0.09 0.26 0.36 9.52 30.23 
 
-- Denotes 10-20 cm samples could not be obtained due to rocky, shallow soils 
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Table B9. Fall 2003 soil nutrient data for 0-10 cm cores are sorted below by treatment.  
Three soil sub-samples from each treatment were mixed prior to laboratory analyses.  
Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) 
sites were sampled.  Treatment means and standard deviations are listed below each 
column of data. 
Site Phosphorus (mg/kg) 
Potassium 
(mg/kg) 
Calcium 
(mg/kg) 
Magnesium 
(mg/kg) 
Zinc 
(mg/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 7.0 6.0 108.5 195.5 137.5 85.0 65.6 60.5 3.5 5.0 
  RT2 9.5 23.5 76.5 101.5 74.0 210.5 31.5 77.5 2.9 4.3 
  RT3 6.5 6.0 100.0 254.5 125.0 49.0 55.0 21.5 2.9 1.9 
  RT4 9.5 17.5 80.5 186.0 165.0 706.0 87.0 110.5 5.8 5.3 
  RT5 17.5 21.5 220.5 128.5 453.5 132.0 132.0 53.5 4.3 1.9 
  RT6 6.0 8.0 74.5 51.5 81.5 33.5 32.0 15.0 1.6 1.4 
  RT7 21.0 9.5 117.5 78.5 1484.5 333.5 89.0 70.5 3.2 3.5 
  RT8 8.5 6.5 86.5 64.0 118.5 94.0 44.0 41.5 1.7 2.1 
 
Mean 10.7 12.3 108.1 132.5 329.9 205.4 67.0 56.3 3.2 3.2 
St. Dev 5.5 7.3 48.0 72.6 482.0 224.7 34.4 31.1 1.4 1.5 
 
 
Reference Ridge-tops 
  REF1 6.5 59.0 153.0 53.0 2.7 
  REF2 7.0 63.0 493.5 173.5 3.4 
  REF3 16.5 94.5 399.0 52.5 1.3 
  REF4 7.0 81.5 159.5 37.0 2.7 
  REF5 4.5 38.0 66.0 24.0 1.7 
  REF6 7.0 50.5 51.5 21.0 2.2 
  REF7 4.0 55.0 53.0 14.0 1.7 
  REF8 3.5 60.0 42.0 19.0 1.2 
 
Mean 7.0 62.7 177.2 49.3 2.1 
St. Dev 4.1 17.7 174.0 52.4 0.8 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 4.5 3.5 83.5 70.5 570.5 654.5 270.5 291.0 3.4 3.1 
  GL2 2.0 1.5 57.0 39.0 841.5 494.5 302.0 277.5 4.0 3.5 
  GL3 12.5 11.0 94.0 87.5 225.0 413.0 125.0 187.0 2.4 3.1 
  GL4 12.5 12.0 50.5 48.5 382.5 290.5 139.0 120.0 2.8 1.9 
  GL6 16.0 14.0 78.5 69.0 344.5 433.0 187.0 225.5 4.0 2.9 
  GL7 30.0 30.5 31.5 22.0 692.0 525.5 131.0 113.5 1.8 2.4 
  GL8 3.5 1.5 130.5 86.0 1086.0 966.0 484.5 485.0 3.5 2.4 
 
Mean 11.6 10.6 75.1 60.4 591.7 539.6 234.1 242.8 3.1 2.8 
St. Dev 9.7 10.2 32.5 24.6 304.6 218.7 130.7 127.4 0.8 0.5 
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 Table B10. Fall 2004 soil nutrient data for 0-10 cm cores are sorted below by treatment.  
Three soil sub-samples from each treatment were mixed prior to laboratory analyses.  
Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) 
sites were sampled.  Treatment means and standard deviations are listed below each 
column of data. 
Site Phosphorus (mg/kg) 
Potassium 
(mg/kg) 
Calcium 
(mg/kg) 
Magnesium 
(mg/kg) 
Zinc 
(mg/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 9.5 6.0 104.5 99.5 254.0 70.0 63.5 53.0 3.8 3.2 
  RT2 7.0 13.5 98.5 118.5 64.5 101.5 24.5 28.0 2.4 1.9 
  RT3 7.0 4.5 63.5 61.0 81.0 69.5 46.5 18.0 1.7 1.2 
  RT4 9.0 15.5 106.0 176.5 227.0 640.5 96.0 112.5 3.4 3.6 
  RT5 18.5 14.5 201.5 201.5 408.5 130.5 107.5 97.5 3.4 3.1 
  RT6 7.0 8.0 108.0 108.5 96.0 81.0 48.5 30.0 2.4 1.3 
  RT7 6.5 5.0 139.5 129.0 470.5 65.5 62.0 26.5 2.3 1.1 
  RT8 6.0 7.5 109.5 76.0 100.5 155.5 49.0 46.0 2.2 2.2 
 
Mean 8.8 9.3 116.4 121.3 212.8 164.3 62.2 51.4 2.7 2.2 
St. Dev 4.1 4.5 40.1 47.6 156.9 195.1 27.3 35.1 0.7 1.0 
 
 
Reference Ridge-tops 
  REF1 4.5 83.5 286.5 45.0 3.1 
  REF2 6.0 67.0 256.0 36.0 3.9 
  REF3 12.0 161.0 743.0 96.0 1.5 
  REF4 7.5 103.5 235.0 41.0 2.7 
  REF5 6.0 59.0 71.0 22.0 1.6 
  REF6 5.0 65.0 182.5 32.5 3.1 
  REF7 3.5 72.5 73.5 19.5 2.2 
  REF8 4.0 80.0 61.5 22.0 1.6 
 
Mean 6.1 86.4 238.6 39.3 2.5 
St. Dev 2.7 33.1 222.6 24.8 0.9 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 2.5 11.0 90.5 72.5 682.5 736.0 334.0 265.5 5.5 3.9 
  GL2 2.0 1.5 61.5 62.5 756.0 749.0 287.5 320.5 4.2 4.2 
  GL3 18.5 9.5 94.5 108.0 245.5 226.0 121.0 123.5 2.8 2.2 
  GL4 15.5 12.0 59.5 58.0 334.0 357.5 134.0 140.5 2.9 2.9 
  GL6 12.5 9.5 92.5 92.0 746.0 1134.5 205.0 188.5 3.9 2.4 
  GL7 21.0 41.5 33.5 30.5 625.5 1111.5 139.5 113.0 1.9 2.8 
  GL8 3.5 4.0 147.0 133.5 906.5 1122.0 417.5 522.0 4.0 5.5 
 
Mean 10.8 12.7 82.7 79.6 613.7 776.6 234.1 239.1 3.6 3.4 
St. Dev 8.0 13.3 36.1 34.4 238.8 374.3 114.8 146.6 1.2 1.2 
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Table B11. Fall 2003 soil nutrient data for 10-20 cm cores are sorted below by treatment.  
Three soil sub-samples from each treatment were mixed prior to laboratory analyses.  
Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) 
sites were sampled.  Treatment means and standard deviations are listed below each 
column of data. 
Site Phosphorus (mg/kg) 
Potassium 
(mg/kg) 
Calcium 
(mg/kg) 
Magnesium 
(mg/kg) 
Zinc 
(mg/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 4.0 19.0 100.0 125.0 50.5 48.5 40.0 58.5 2.1 2.9 
  RT2 8.0 40.5 73.0 54.5 42.5 30.5 28.0 15.5 1.3 1.6 
  RT3 7.5 12.0 150.0 53.0 48.0 24.0 28.5 9.0 1.4 1.3 
  RT4 5.5 11.5 79.0 247.5 40.5 372.5 46.5 76.5 3.0 3.1 
  RT5 8.0 6.5 148.0 111.5 139.0 81.5 58.0 39.5 4.2 2.5 
  RT6 5.5 9.0 81.0 32.5 32.0 30.0 14.5 9.0 1.1 1.0 
  RT7 4.5 6.5 62.5 74.5 283.5 61.0 16.5 19.5 0.6 1.1 
  RT8 4.5 4.0 82.5 91.0 35.5 37.0 14.5 23.5 1.1 1.2 
 
Mean 5.9 13.6 97.0 98.7 83.9 85.6 30.8 31.4 1.9 1.8 
St. Dev 1.7 11.8 33.8 67.7 87.8 117.5 16.1 24.8 1.2 0.9 
 
 
Reference Ridge-tops 
  REF1 3.5 53.5 79.0 33.0 1.7 
  REF2 4.0 48.5 70.5 30.0 1.4 
  REF3 8.0 79.5 154.5 27.5 0.8 
  REF4 3.0 54.0 46.0 24.0 0.8 
  REF5 2.5 40.5 34.0 14.5 0.9 
  REF6 3.5 48.5 28.5 17.0 1.5 
  REF7 2.5 42.5 34.0 9.5 1.0 
  REF8 2.5 60.5 25.0 11.5 0.8 
 
Mean 3.7 53.4 58.9 20.9 1.1 
St. Dev 1.8 12.3 43.4 8.9 0.4 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 -- 2.0 -- 113.5 -- 898.5 -- 400.0 -- 1.3 
  GL2 1.0 -- 28.0 -- 548.0 -- 176.5 -- 2.0 -- 
  GL3 10.0 10.0 82.5 85.0 463.5 546.5 291.0 290.0 4.5 3.4 
  GL4 -- -- -- -- -- -- -- -- -- -- 
  GL6 -- -- -- -- -- -- -- -- -- -- 
  GL7 -- 31.0 -- 22.5 -- 561.5 -- 136.5 -- 1.4 
  GL8 4.0 2.0 139.0 82.5 1151.5 1055.0 541.0 589.5 3.6 2.5 
 
Mean 5.0 11.3 83.2 75.9 721.0 765.4 336.2 354.0 3.4 2.2 
St. Dev 4.6 13.7 55.5 38.3 375.2 252.4 186.4 190.6 1.3 1.0 
 
-- Denotes 10-20 cm samples could not be obtained due to rocky, shallow soils 
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Table B12. Fall 2004 soil nutrient data for 10-20 cm cores are sorted below by treatment.  
Three soil sub-samples from each treatment were mixed prior to laboratory analyses.  
Eight experimental ridge-tops (RT), 8 reference ridge-tops (REF), and 7 grassland (GL) 
sites were sampled.  Treatment means and standard deviations are listed below each 
column of data. 
Site Phosphorus (mg/kg) 
Potassium 
(mg/kg) 
Calcium 
(mg/kg) 
Magnesium 
(mg/kg) 
Zinc 
(mg/kg) 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  RT1 4.0 14.0 101.5 102.0 47.5 42.5 49.5 50.5 2.2 2.1 
  RT2 5.0 7.0 69.5 104.5 26.0 35.5 12.5 15.0 1.3 1.1 
  RT3 7.0 5.0 43.0 56.0 36.5 35.0 18.5 11.0 1.1 0.9 
  RT4 8.0 8.5 73.0 143.0 95.5 541.5 53.5 102.5 2.4 2.5 
  RT5 10.0 4.5 178.0 186.5 139.0 41.0 70.5 60.0 1.9 2.4 
  RT6 6.0 16.0 98.5 90.5 26.5 24.5 14.5 12.0 1.8 1.2 
  RT7 5.0 3.0 151.5 113.5 65.5 23.0 19.0 13.0 1.4 0.8 
  RT8 3.5 2.5 105.0 58.5 26.0 32.0 13.5 16.0 1.0 0.9 
 
Mean 6.1 7.6 102.5 106.8 57.8 96.9 31.4 35.0 1.6 1.5 
St. Dev 2.2 5.0 44.1 43.0 40.8 179.8 22.8 33.3 0.5 0.7 
 
 
Reference Ridge-tops 
  REF1 5.0 83.0 69.5 32.0 2.1 
  REF2 3.5 41.0 63.5 19.5 1.8 
  REF3 7.5 124.0 298.0 55.5 0.9 
  REF4 3.0 75.0 73.5 23.0 1.1 
  REF5 1.5 52.5 29.0 12.5 0.9 
  REF6 3.0 49.5 139.0 25.0 1.9 
  REF7 2.0 54.0 38.0 12.0 1.7 
  REF8 2.0 67.5 26.5 13.0 0.9 
 
Mean 3.4 68.3 92.1 24.1 1.4 
St. Dev 2.0 26.5 90.6 14.5 0.5 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT IN OUT 
  GL1 1.5 1.5 149.5 54.0 881.0 589.5 449.5 268.0 3.7 2.9 
  GL2 1.0 0.5 47.5 50.0 657.5 656.5 228.0 330.5 3.6 2.8 
  GL3 7.5 8.0 77.5 70.0 268.5 283.0 140.5 191.0 3.7 2.8 
  GL4 -- -- -- -- -- -- -- -- -- -- 
  GL6 7.5 -- 57.0 -- 299.5 -- 198.0 -- 2.8 -- 
  GL7 -- 12.0 -- 26.5 -- 939.0 -- 125.0 -- 1.2 
  GL8 1.0 0.5 110.5 86.5 947.5 924.0 517.5 521.5 3.0 2.4 
 
Mean 3.7 4.5 88.4 57.4 610.8 678.4 306.7 287.2 3.4 2.4 
St. Dev 3.5 5.2 41.8 22.5 317.3 270.6 166.2 152.2 0.4 0.7 
 
-- Denotes 10-20 cm samples could not be obtained due to rocky, shallow soils 
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APPENDIX C: COMPLETE VEGETATION DATA 
Table C1. Leaf litter depths on experimental (RT) and reference (REF) ridge-tops were 
measured prior to soil sampling at each sampling location (3 per treatment).  The three 
values were averaged and are sorted below by treatment and season.  Treatment means 
and standard deviations are listed below each column of data.   
Site Leaf Litter Depths (cm) 
 
Experimental Ridge-tops
 Fall 2003 Spring 2004 Summer 2004 Fall 2004 
 IN OUT IN OUT IN OUT IN OUT 
  RT1 2.3 1.6 5.0 1.8 2.1 1.3 3.7 3.0 
  RT2 2.8 1.8 4.8 1.9 1.2 1.3 4.9 5.9 
  RT3 1.4 0.2 3.1 3.6 0.4 0.3 2.9 0.9 
  RT4 1.8 1.9 3.5 3.7 2.3 1.4 4.0 4.5 
  RT5 1.7 2.1 8.9 5.6 3.9 1.1 5.4 4.4 
  RT6 2.5 1.8 4.6 3.2 2.6 1.0 2.3 1.4 
  RT7 2.0 2.7 2.1 0.4 0.4 0.2 3.6 1.8 
  RT8 2.9 3.0 4.1 4.8 1.2 0.6 3.0 3.3 
 
Mean 2.2 1.9 4.5 3.1 1.8 0.9 3.7 3.2 
St. Dev 0.5 0.8 2.0 1.7 1.2 0.5 1.0 1.7 
 
Reference Ridge-tops
 Fall 2003 Spring 2004 Summer 2004 Fall 2004 
  REF1 6.9 4.4 5.0 5.2 
  REF2 7.5 4.9 3.5 4.4 
  REF3 6.6 5.2 2.0 6.4 
  REF4 7.1 5.3 4.4 6.6 
  REF5 6.4 3.8 1.5 5.2 
  REF6 5.7 4.8 3.1 5.5 
  REF7 5.7 3.4 2.9 3.4 
  REF8 5.2 3.5 2.8 2.8 
 
Mean 6.4 4.4 3.2 4.9 
St. Dev 0.8 0.8 1.2 1.3 
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Table C2. Spring 2004 vegetation sampling data represents percentages of bare ground, 
vegetative cover, litter cover, and woody debris on experimental (RT) and reference 
(REF) ridge-tops, and percentages of bare ground, vegetative cover, grass composition, 
and forb composition on experimental grasslands (GL). Four samples were averaged per 
treatment and are sorted below by treatment and variable.  Treatment means and standard 
deviations are listed below each column of data.   
Site % Bare Ground % Vegetative Ground Cover % Litter Cover % Woody Debris 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT 
  RT1 1.75 2.25 36.75 26.25 47.00 61.00 14.50 8.25 
  RT2 1.50 5.75 16.25 17.75 77.50 67.75 4.75 8.75 
  RT3 8.25 64.25 39.00 11.25 44.25 22.50 8.50 2.00 
  RT4 0.50 1.75 24.75 27.00 60.25 58.25 14.50 13.00 
  RT5 0.00 2.25 22.75 20.00 52.50 73.50 24.75 4.25 
  RT6 13.00 29.50 44.25 8.00 38.50 55.50 4.25 7.00 
  RT7 45.00 53.00 15.75 21.00 20.75 10.75 18.50 15.25 
  RT8 0.00 1.50 16.75 19.00 68.50 72.25 14.75 7.25 
 
Mean 8.7 20.0 27.0 18.9 51.2 52.8 13.1 8.3 
St. Dev 15.4 25.8 11.4 6.6 17.8 23.4 7.0 4.3 
 
 
Reference Ridge-tops 
  REF1 0.00 17.25 72.75 10.00 
  REF2 0.00 17.75 74.75 7.50 
  REF3 0.25 29.50 52.50 17.75 
  REF4 0.50 8.75 88.00 2.75 
  REF5 2.75 17.25 75.50 4.50 
  REF6 0.00 16.50 70.75 12.75 
  REF7 0.50 12.25 79.50 7.75 
  REF8 0.00 24.75 64.25 11.00 
 
Mean 0.5 18.5 71.8 9.2 
St. Dev 0.9 8.8 10.8 2.3 
 
 
Site % Bare Ground % Vegetative Ground Cover 
% Grass of 
Ground Cover 
% Forb of 
Ground Cover 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT 
  GL1 18.75 25.00 81.25 75.00 62.50 12.50 37.50 87.50 
  GL2 35.00 26.25 65.00 73.75 51.75 93.50 48.25 6.50 
  GL3 0.00 10.00 100.00 90.00 70.00 20.00 30.00 80.00 
  GL4 5.00 13.50 95.00 86.50 98.50 99.25 1.50 0.75 
  GL6 20.00 0.00 80.00 100.00 30.00 37.50 70.00 62.50 
  GL7 0.00 2.00 100.00 98.00 50.00 53.75 50.00 46.25 
  GL8 0.00 3.75 100.00 96.25 41.25 47.50 58.75 52.50 
 
Mean 11.3 11.5 88.7 88.5 57.7 52.0 42.3 48.0 
St. Dev 13.6 10.7 13.6 10.7 22.3 33.6 22.3 33.6 
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Table C3. Summer 2004 vegetation sampling data represents percentages of bare ground, 
vegetative cover, litter cover, and woody debris on experimental (RT) and reference 
(REF) ridge-tops, and percentages of bare ground, vegetative cover, grass composition, 
and forb composition on experimental grasslands (GL). Four samples were averaged per 
treatment and are sorted below by treatment and variable.  Treatment means and standard 
deviations are listed below each column of data. 
Site % Bare Ground % Vegetative Ground Cover % Litter Cover % Woody Debris 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT 
  RT1 0.25 9.00 35.00 27.50 53.75 55.00 11.00 8.50 
  RT2 1.00 9.50 10.00 3.75 75.75 78.25 13.25 8.50 
  RT3 11.00 62.50 30.25 8.75 50.50 20.75 8.25 8.00 
  RT4 0.50 4.25 35.50 14.00 55.00 63.50 9.00 18.25 
  RT5 0.00 2.75 13.75 10.00 71.25 80.75 15.00 6.50 
  RT6 6.00 51.75 24.75 7.00 62.25 28.00 7.00 13.25 
  RT7 38.50 78.50 9.50 11.00 25.50 7.75 26.50 2.75 
  RT8 2.25 4.00 3.75 9.50 83.50 80.75 10.50 5.75 
 
Mean 7.4 27.8 20.3 11.5 59.7 51.8 12.6 8.9 
St. Dev 13.1 31.1 12.6 7.1 18.0 29.3 6.2 4.8 
 
 
Reference Ridge-tops 
  REF1 1.25 11.75 77.25 9.75 
  REF2 0.00 12.75 77.00 10.25 
  REF3 1.50 23.25 70.00 5.25 
  REF4 0.00 6.75 84.25 9.00 
  REF5 2.25 6.75 85.75 5.25 
  REF6 0.50 20.25 72.75 6.50 
  REF7 1.00 12.75 79.00 7.25 
  REF8 2.25 16.00 69.25 12.50 
 
Mean 1.1 13.8 76.9 8.2 
St. Dev 0.9 5.9 6.1 2.6 
 
 
Site % Bare Ground % Vegetative Ground Cover 
% Grass of 
Ground Cover 
% Forb of 
Ground Cover 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT 
  GL1 32.50 36.25 67.50 63.75 60.00 76.25 40.00 23.75 
  GL2 42.50 33.75 57.50 66.25 59.50 84.50 40.50 15.50 
  GL3 6.00 10.00 94.00 90.00 80.75 30.50 19.25 69.50 
  GL4 21.25 10.75 78.75 89.25 88.75 96.50 11.25 3.50 
  GL6 7.50 8.00 92.50 92.00 87.00 12.50 13.00 87.50 
  GL7 10.00 8.75 90.00 91.25 32.50 53.75 67.50 46.25 
  GL8 8.00 10.50 92.00 89.50 47.00 66.25 53.00 33.75 
  
Mean 18.3 16.8 81.7 83.2 65.1 60.0 34.9 40.0 
St. Dev 14.4 12.5 14.4 12.5 21.3 30.0 21.3 30.0 
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Table C4. Spring 2004 arcsine square root transformed vegetation data represents 
percentages of bare ground, vegetative cover, litter cover, and woody debris on 
experimental (RT) and reference (REF) ridge-tops, and percentages of bare ground, 
vegetative cover, grass composition, and forb composition on experimental grasslands 
(GL).  Treatment means and standard deviations of transformed data are listed below 
each column of data. 
Site % Bare Ground % Vegetative Ground Cover % Litter Cover % Woody Debris 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT 
  RT1 0.13 0.15 0.65 0.54 0.76 0.90 0.39 0.29 
  RT2 0.12 0.24 0.41 0.43 1.08 0.97 0.22 0.30 
  RT3 0.29 0.93 0.67 0.34 0.73 0.49 0.30 0.14 
  RT4 0.07 0.13 0.52 0.55 0.89 0.87 0.39 0.37 
  RT5 0.00 0.15 0.50 0.46 0.81 1.03 0.52 0.21 
  RT6 0.37 0.57 0.73 0.29 0.67 0.84 0.21 0.27 
  RT7 0.74 0.82 0.41 0.48 0.47 0.33 0.44 0.40 
  RT8 0.00 0.12 0.42 0.45 0.97 1.02 0.39 0.27 
 
Mean 0.22 0.39 0.54 0.44 0.80 0.81 0.36 0.28 
St. Dev 0.25 0.33 0.13 0.09 0.19 0.25 0.11 0.08 
 
 
Reference Ridge-tops 
  REF1 0.00 0.43 1.02 0.32 
  REF2 0.00 0.43 1.04 0.28 
  REF3 0.05 0.57 0.81 0.43 
  REF4 0.07 0.30 1.22 0.17 
  REF5 0.17 0.43 1.05 0.21 
  REF6 0.00 0.42 1.00 0.37 
  REF7 0.07 0.36 1.10 0.28 
  REF8 0.00 0.52 0.93 0.34 
 
Mean 0.04 0.43 1.02 0.30 
St. Dev 0.06 0.09 0.12 0.08 
 
 
Site % Bare Ground % Vegetative Ground Cover 
% Grass of 
Ground Cover 
% Forb of 
Ground Cover 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT 
  GL1 0.45 0.52 1.12 1.05 0.91 0.36 0.66 1.21 
  GL2 0.63 0.54 0.94 1.03 0.80 1.31 0.77 0.26 
  GL3 0.00 0.32 1.57 1.25 0.99 0.46 0.58 1.11 
  GL4 0.23 0.38 1.35 1.19 1.45 1.48 0.12 0.09 
  GL6 0.46 0.00 1.11 1.57 0.58 0.66 0.99 0.91 
  GL7 0.00 0.14 1.57 1.43 0.79 0.82 0.79 0.75 
  GL8 0.00 0.19 1.57 1.38 0.70 0.76 0.87 0.81 
 
Mean 0.25 0.30 1.32 1.27 0.89 0.84 0.68 0.73 
St. Dev 0.26 0.20 0.26 0.20 0.28 0.42 0.28 0.42 
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Table C5. Summer 2004 arcsine square root transformed vegetation data represents 
percentages of bare ground, vegetative cover, litter cover, and woody debris on 
experimental (RT) and reference (REF) ridge-tops, and percentages of bare ground, 
vegetative cover, grass composition, and forb composition on experimental grasslands 
(GL).  Treatment means and standard deviations of transformed data are listed below 
each column of data. 
Site % Bare Ground % Vegetative Ground Cover % Litter Cover % Woody Debris 
 
 
Experimental Ridge-tops 
 IN OUT IN OUT IN OUT IN OUT 
  RT1 0.05 0.30 0.63 0.55 0.82 0.84 0.34 0.30 
  RT2 0.10 0.31 0.32 0.19 1.06 1.09 0.37 0.30 
  RT3 0.34 0.91 0.58 0.30 0.79 0.47 0.29 0.29 
  RT4 0.07 0.21 0.64 0.38 0.84 0.92 0.30 0.44 
  RT5 0.00 0.17 0.38 0.32 1.00 1.12 0.40 0.26 
  RT6 0.25 0.80 0.52 0.27 0.91 0.56 0.27 0.37 
  RT7 0.67 1.09 0.31 0.34 0.53 0.28 0.54 0.17 
  RT8 0.15 0.20 0.19 0.31 1.15 1.12 0.33 0.24 
 
Mean 0.20 0.50 0.45 0.33 0.89 0.80 0.36 0.29 
St. Dev 0.22 0.37 0.17 0.10 0.19 0.32 0.09 0.08 
 
 
Reference Ridge-tops 
  REF1 0.11 0.35 1.07 0.32 
  REF2 0.00 0.37 1.07 0.33 
  REF3 0.12 0.50 0.99 0.23 
  REF4 0.00 0.26 1.16 0.30 
  REF5 0.15 0.26 1.18 0.23 
  REF6 0.07 0.47 1.02 0.26 
  REF7 0.10 0.37 1.09 0.27 
  REF8 0.15 0.41 0.98 0.36 
 
Mean 0.09 0.37 1.07 0.29 
St. Dev 0.06 0.09 0.07 0.05 
 
 
Site % Bare Ground % Vegetative Ground Cover 
% Grass of 
Ground Cover 
% Forb of 
Ground Cover 
 
 
Grasslands 
 IN OUT IN OUT IN OUT IN OUT 
  GL1 0.61 0.65 1.05 0.96 0.89 1.06 0.68 0.51 
  GL2 0.71 0.62 1.03 0.86 0.88 1.17 0.69 0.40 
  GL3 0.25 0.32 1.25 1.32 1.12 0.59 0.45 0.99 
  GL4 0.48 0.33 1.19 1.09 1.23 1.38 0.34 0.19 
  GL6 0.28 0.29 1.57 1.29 1.20 0.36 0.37 1.21 
  GL7 0.32 0.30 1.43 1.25 0.61 0.82 0.96 0.75 
  GL8 0.29 0.33 1.38 1.28 0.76 0.95 0.82 0.62 
 
Mean 0.42 0.41 1.27 1.15 0.95 0.90 0.62 0.67 
St. Dev 0.18 0.16 0.20 0.18 0.24 0.35 0.24 0.35 
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Table C6. Spring and summer 2004 arcsine square root transformed vegetation data means represents percentages of bare 
ground, vegetative cover, litter cover, and woody debris on experimental and reference ridge-tops, and percentages of bare 
ground, vegetative cover, grass composition, and forb composition on experimental grasslands.  Treatment means and standard 
deviations of transformed data are listed below each column of data. 
Cover Characteristic Experimental Ridge-tops Reference Ridge-tops Experimental Grasslands 
 
Spring 2004 
      
 IN OUT  IN OUT 
% Bare Ground 0.22 0.39 0.04 0.25 0.30 
% Vegetative Ground Cover 0.54 0.44 0.43 1.32 1.27 
 % Grass of Ground Cover -- -- -- 0.89 0.84 
 % Forb of Ground Cover -- -- -- 0.68 0.73 
% Litter Cover 0.80 0.81 1.02 -- -- 
% Woody Debris 0.36 0.28 0.30 -- -- 
 
Summer 2004 
      
 IN OUT  IN OUT 
% Bare Ground 0.20 0.50 0.09 0.42 0.41 
% Vegetative Ground Cover 0.45 0.33 0.37 1.27 1.15 
 % Grass of Ground Cover -- -- -- 0.95 0.90 
 % Forb of Ground Cover -- -- -- 0.62 0.67 
% Litter Cover 0.89 0.80 1.07 -- -- 
% Woody Debris 0.36 0.29 0.29 -- -- 
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APPENDIX D: COMPLETE WATER QUALITY DATA 
Table D1. Sediment traps were installed on 4 sites (RT7-IN, RT7-OUT, REF2, and REF5) on 1/13/04 and on the 2 remaining 
sites (RT4-IN and RT4-OUT) on 2/18/04.  Sediment and water samples were collected from the sediment traps approximately 
monthly during the 473-day sampling period on the dates indicated.  Data are sorted by variables measured, which include 
sediment weights and water pH, NH4+, NO3-, and total organic carbon (TOC).  
Sampling Date (Day During Sampling Period) 
Variable Site 2/18/04 
Day 36 
3/19/04 
Day 66 
4/30/04 
Day 108 
6/3/04 
Day 142 
7/16/04 
Day 185 
8/28/04 
Day 228 
10/31/04 
Day 292 
11/30/04 
Day 322 
12/30/04 
Day 352 
2/28/05 
Day 412 
4/30/05 
Day 473 
RT4-IN -- 6.0 6.1 6.5 7.6 7.2 6.2 6.7 6.5 6.8 6.7 
RT4-OUT -- 5.7 6.1 6.4 8.1 7.2 6.2 6.5 6.6 6.6 6.9 
RT7-IN 6.6 6.5 6.9 6.7 9.1 7.2 6.3 6.3 6.9 6.4 6.9 
RT7-OUT 5.8 6.1 5.9 6.1 6.8 6.7 5.9 6.8 6.4 6.8 6.8 
REF2 6.1 5.7 5.8 6.1 7.1 6.8 6.4 7.0 6.4 6.8 6.9 
p
H
 
REF5 5.8 5.1 6.0 6.3 6.8 6.6 6.0 6.6 6.3 6.7 6.5 
RT4-IN -- 1.023 0.691 2.462 1.038 1.946 1.163 0.311 0.199 0.301 0.166 
RT4-OUT -- 0.039 0.236 1.734 1.564 0.021 1.140 0.424 0.334 0.352 0.824 
RT7-IN 0.016 0.144 0.982 0.896 0.535 1.044 0.353 0.138 0.054 0.092 0.743 
RT7-OUT 0.013 0.017 0.011 0.448 0.236 0.201 0.244 0.304 0.026 0.140 0.413 
REF2 0.009 0.011 0.052 0.743 0.359 0.167 0.367 0.123 0.018 0.106 0.402 
N
H
4
+
 
(
m
g
/
k
g
/
m
2
)
 
REF5 0.012 0.010 0.039 0.190 0.174 0.082 0.010 0.015 0.007 0.052 0.017 
RT4-IN -- 0.043 0.036 0.046 0.010 0.010 0.026 0.079 0.048 0.082 0.018 
RT4-OUT -- 0.024 0.045 0.012 0.125 0.009 0.057 0.093 0.084 0.110 0.000 
RT7-IN 0.098 0.084 0.026 0.010 0.236 0.198 0.038 0.062 0.046 0.088 0.012 
RT7-OUT 0.051 0.024 0.013 0.025 0.006 0.004 0.256 0.036 0.016 0.040 0.002 
REF2 0.037 0.015 0.008 0.013 0.004 0.005 0.063 0.003 0.038 0.039 0.000 
N
O
3
-
(
m
g
/
k
g
/
m
2
)
 
REF5 0.041 0.017 0.012 0.002 0.003 0.006 0.153 0.007 0.037 0.039 0.004 
RT4-IN -- 7.73 18.03 25.21 5.81 6.05 9.67 13.54 2.46 2.39 3.04 
RT4-OUT -- 5.27 23.67 10.26 6.64 6.93 12.18 15.50 3.61 2.76 5.75 
RT7-IN 1.28 1.79 7.70 5.32 4.55 4.81 9.16 7.12 1.21 1.01 2.37 
RT7-OUT 0.73 1.40 6.03 8.05 2.41 2.45 16.73 4.85 0.92 0.74 1.98 
REF2 0.55 1.89 3.47 0.79 1.54 1.10 2.73 1.33 0.55 0.64 3.11 
T
O
C
 
(
m
g
/
k
g
/
m
2
)
 
REF5 0.32 1.47 1.78 1.63 0.94 0.91 6.72 0.73 0.44 0.45 0.65 
RT4-IN -- 0.67 0.84 0.79 2.03 2.13 2.51 0.57 0.37 0.24 0.58 
RT4-OUT -- 3.86 5.83 2.26 5.54 8.55 10.28 0.85 0.90 0.84 1.19 
RT7-IN 2.01 1.66 1.75 2.81 12.62 4.79 6.29 0.67 1.44 0.74 1.04 
RT7-OUT 0.15 0.42 0.95 0.98 3.82 3.33 4.40 0.67 2.48 0.85 4.56 
REF2 0.15 0.36 0.29 1.06 2.17 0.87 1.49 0.16 0.12 0.07 0.09 
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REF5 0.04 0.09 0.14 0.23 0.33 0.35 0.29 0.07 0.06 0.04 0.09 
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